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Abstract
Reinforced concrete frames infilled with unreinforced masonry are commonly used in
structures worldwide. The interaction between the frame and the infill panel is usually ignored
in engineering practice, and the masonry infill is not considered as a structural element.
However, observations made after the occurrence of strong earthquakes have shown that the
bare frame and infill-frame behave differently when subjected to in-plane lateral loads.
Extensive research has been conducted on the behaviour of infill-frames when laterally loaded.
This research focuses on the analysis of infill-frames using the equivalent strut modelling
method, whereby an infill-frame is simplified, and the infill panel is replaced by one or more
compressive strut elements. A large number of strut models have been proposed in the
literature, but recent studies have demonstrated that it is not possible to apply one strut model
to all infill-frame structures. It has been found that changing the properties of an infill-frame
can also change the geometric properties of struts, namely width, location and number of struts
in an equivalent strut model. For this reason, recent studies have proposed a case-specific strut
modelling approach. In the current study, a macro script available in the literature that can be
used to generate a detailed finite element (FE) model has been applied to construct and analyse
a number of infill-frames with different material and geometric properties. Sensitivity analyses
on some of these infill-frames have also been conducted by varying the material properties of
the infill, and the amount and distribution of vertical loads on the frame. The results of detailed
FE analyses, more specifically contours of the compressive principal stresses, have been used
to define the geometric properties of the struts of case-specific strut models for each of the
infill-frames. Equivalent strut models were then analysed and compared. Further, the proposed
strut models were applied to other infill-frames selected for this study; two strut models from
the literature were also applied to these infill-frames. It was concluded that the geometric
properties of, and the vertical load on an infill-frame can be related to the geometric properties
of its equivalent strut model. In contrast, a variation of up to 25% in the masonry material
properties did not have a significant effect on the strut properties. It was shown that casespecific strut modelling is a versatile and generic technique that can adequately replicate the
highly nonlinear behaviour of infill-frames regardless of their geometric or material properties.
By expanding the current research, it is hoped that a rigorous classification of infill-frames and
their relevant equivalent strut models can be developed to assist structural engineers in their
everyday design tasks.
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NOTATIONS
𝐴 : total cross sectional area of the equivalent diagonal strut
𝐴 : cross sectional area of the beam
𝐴 : cross sectional area of the column
𝑐: constant factor
𝐶 : peak normal forces at the column-infill interface
𝐶 : peak normal forces at the beam-infill interface
𝑑: diagonal length of an infill
𝐷 : stiffness of the equivalent braced frame
𝐷

: drift at the ultimate lateral load

𝐸 : modulus of elasticity of masonry parallel to the bed joints
𝐸 : modulus of elasticity of masonry perpendicular to the bed joints
𝐸 : modulus of elasticity of concrete
𝐸 : modulus of elasticity of the brick unit
𝐸 : modulus of elasticity of the infill along the diagonal direction
𝐸 : modulus of elasticity of the frame material
𝐸 : modulus of elasticity of the confining columns
𝐸 : modulus of elasticity of the confining beams
𝐸 : modulus of elasticity of the infill panel
𝐸 : equivalent modulus of elasticity of the infill (accounts for the effect of plaster)
𝐸 : modulus of elasticity of mortar
𝐸 : modulus of elasticity of the masonry
𝐸 : modulus of elasticity of the plaster
𝐸 : modulus of elasticity of the steel
𝐸 : secondary stiffness/tangent stiffness of steel
𝐸 : tangent modulus of elasticity of the masonry
𝐸 : modulus of elasticity of Autoclaved Aerated Concrete (AAC)
𝐹: is the compressive force in the equivalent strut
𝐹 : peak shear forces at the column-infill interface
𝐹 : peak shear forces at the beam-infill interface
𝐹 : maximum force that the infill can bear
v

𝑓 : permissible compressive stress of the infill in its central region
𝑓 : effective (factored) compressive strength of the infill
𝑓 : characteristic compressive cylinder strength of concrete
𝑓′ : specified/characteristic strength of concrete
𝑓′ : strength of concrete at the ultimate strain
𝑓′ : ultimate tensile strength of concrete (split cylinder)
𝑓′ : ultimate tensile strength of concrete (modulus of rupture)
𝑓

: mean value of the axial tensile strength of concrete

𝑓′ : split tensile strength of the brick unit
𝑓 : mean value of the compressive cylinder strength of concrete
𝑓 : yield strength of steel
𝑓 : ultimate strength of steel
𝑓 : yield stress of stirrups
𝑓′

: prism strength of the Autoclaved Aerated Concrete (AAC)

𝑓 : compressive strength of the infill
𝑓 : compressive strength of the infill in the direction of the frame’s diagonal.
𝑓′

: ultimate uniaxial compressive strength of masonry

𝑓′

: ultimate tensile compressive strength of masonry

𝑓′

: compressive strength of masonry at the ultimate compressive strain (𝜀

)

𝑓′ : compressive strength of the masonry unit
𝑓′ : compressive strength of mortar
𝑓′ : flexural strength of mortar
𝑓′ : split tensile strength of mortar
𝑓 : strength of the masonry parallel to the bed joints
𝑓 : strength of the masonry perpendicular to the bed joints
𝑓′ : shear strength of the masonry wallette
𝐺 : total vertical load acting on the infill-frame
𝐺 : total vertical load acting on the infill-frame divided by the scale of the infill-frame
𝐺 : total vertical load acting on the beam
𝐺 : total vertical load acting on the beam divided by the scale of the infill-frame
𝐺 : modulus of rigidity of the masonry wallette
𝐺 : modulus of rigidity of the masonry infill
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𝐻 : collapse shear
ℎ′: width of concrete core measured to the outside of the stirrups
ℎ: storey height (height of the frame; beam-to-beam centreline)
ℎ : height of an infill panel
ℎ : vertical separation between the diagonal struts
𝐼 : second moment of area of a beam section
𝐼 : second moment of area of a column section
𝐾: factor that includes the increase in the concrete strength due to confinement
𝑘: coefficient dependent on the level of mean deformation of the column after
the infill panel is built
𝑘 : axial stiffness of the equivalent strut
𝑘 : axial stiffness of the bean
𝑘 : axial stiffness of the column
𝑘 : stiffness of the shear spring
𝑘 : axial stiffness of each strut
𝐿

: ultimate lateral load

𝑙: length of the frame, column-to-column centreline
𝑙 : length of an infill panel
𝑙

: unsupported length of wall under diagonal compression

𝑚: non-dimensional ratio for frame/wall strength
𝑚 : relative strength parameter for the columns
𝑚 : relative strength parameter for the beams
𝑚 : relative strength parameter for the beams and columns
𝑀 : plastic moment capacity of the beam
𝑀 : plastic moment capacity of the column
𝑀 : plastic moment capacity of the joint (the smaller value of 𝑀

and 𝑀 )

𝑟: aspect ratio of the infill ( )
𝑟′:

reduction factor due to openings in the infill

𝑠 : centre to centre spacing of stirrups
𝑡: thickness of an infill panel
𝑡 : thickness of an infill panel divided by the scale of the infill-frame
𝑡 : thickness of the masonry
vii

𝑡 : thickness of the plaster
𝑡 : effective thickness of the infill (without gaps)
𝑤 : width of the equivalent diagonal strut
𝑤 : width of Strut 1
𝑤 : width of Strut 2
𝑤 : width of Strut 3
: effective width of the equivalent diagonal strut

𝑤

𝑊 : width of the equivalent strut at both ends of the masonry infill in a mono-strut model
𝑊

,

: effective width of the equivalent strut in a multi-strut model

𝑊 : width of the equivalent strut at the middle of the segment of a masonry infill in a monostrut model
𝑊

: width of the equivalent strut in a multi-strut model

𝑍: slope of the stress softening of the concrete stress-strain curve
𝑧: parameter dependent on the aspect ratio of the infill
∆ : axial displacement
𝛼: contact length between the infill and the frame
𝛼 : contact length between beam and masonry infill
𝛼 : contact length between column and masonry infill
𝛼 : normalised contact length of the column (column contact length/length of column)
𝛼 : normalised contact length of the beam (beam contact length/length of beam)
𝛽: constant factor
ξ: opening ratio in the infill panel
𝜀 : strain at the ultimate strength of concrete
𝜀 : horizontal value of the concrete stress-strain curve (strain)
𝜀 : ultimate compressive strain of concrete
𝜀 : compressive strain of masonry
𝜀

: strain at which the ultimate compressive stress of masonry (𝑓′

𝜀

: ultimate compressive strain of masonry

𝜀 : dimensionless vertical load level
𝜀 : yield strain of steel
𝜃 : angle of Strut 1 with respect to horizontal
𝜃 : angle of Strut 2 with respect to horizontal
viii

) is achieved

𝜃 : angle of Strut 3 with respect to horizontal
𝜃 : angle of the infill diagonal with respect to horizontal
𝜆 : non-dimensional parameter representing the relative stiffness of the infill with respect
to that of the frame
𝜆 : out-of-plane influence factor
𝜆∗ : non-dimensional parameter that depends on the elastic and geometric properties of the
infill-frame
𝜇 : coefficient of friction at the interface

𝑣 : Poisson’s ratio of the infill material
𝑣 : Poisson’s ratio of the infill material along the diagonal
𝛾 : penalty factor that accounts for imperfect plasticity
𝛾: constant factor
𝛾 : factor dependent on the results of the calibration of the model
𝜎 : crushing stress in the infill panel material
𝜎 : vertical value of the concrete stress-strain curve (stress)
𝜎 : vertical value of the masonry stress-strain curve (stress)
𝜌 : ratio of the volume of stirrup to the volume of concrete core measured to the outside of
the stirrups
Φ: strength reduction factor
∅: force transfer angle of the masonry infill
𝜏 : beam-infill proposed uniform shear stress
𝜏 : shear bond
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1. INTRODUCTION
Masonry is a commonly used construction material in many seismic areas around the world.
The combination of a masonry panel and a frame, made of reinforced concrete (RC) or steel,
is referred to as an infill-frame (Figure 1). The frame and the masonry infill panel have a
complicated structural interaction that has been addressed in many studies (e.g. Fiorato, Sozen,
and Gamble (1970), Al-Chaar (1998) and Al-Chaar, Issa, and Sweeney (2002)). In order to
eliminate these complications, the masonry is usually not considered as a structural element in
the engineering practice, and only the weight of the infill panel is included in design
calculations. However, the behaviour of infill-frames during past earthquakes (e.g., Kam and
Pampanin (2011); Kafle, Mohyeddin-Kermani, and Wibowo (2008); Wibowo, Kafle,
Mohyeddin-Kermanim et al. (2008); Mohyeddin-Kermani, Goldsworthy and Gad (2008a);
Mohyeddin-Kermani, Goldsworthy and Gad (2008b); Marius (2013)) and in experimental
research (e.g., Mehrabi (1994); Al-Chaar et al. (2002); Abdel-Hafez, Abouelezz, and Elzefeary
(2015)) indicate that the natural frequency of structures with and without infill panels behave
differently.

Figure 1: Two main components that define an infill-frame (Mohyeddin, 2011)

Predicting the behaviour of infill-frames is a challenging task because the in-plane interaction
of the frame and the infill panel depends on the area of contact between the two, which
constantly changes with increasing lateral loads. Other reasons that make the panel-frame
structural interaction unpredictable are the structural nonlinearities that arise from it, which
have been divided into three categories by Crisafulli, Carr, and Park (2000):
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infill panel: cracking/crushing of the masonry leading to the degradation of the
stiffness and strength of the panel;



reinforced concrete frame: cracking of the concrete, bond slip and yielding of the
reinforcement;



interface of the panel and the frame: bond-friction degradation, contact length
variation.

Although the interaction between the frame and infill panel can have some unwanted effects,
the addition of the panel can enhance the structure’s stiffness and strength (Dawe and Seah
(1989) and Moghaddam and Dowling (1987)).
The nonlinear behaviour of RC frames with masonry infill is largely affected by the nonlinearity of its materials (Crisafulli et al., 2000). The properties of masonry and the construction
methods of the panel can vary considerably from one region to another. Dhanasekar, Page, and
Kleeman (1984) have also shown that the material properties of the masonry can vary widely
between structures. The nonlinear behaviour and heterogeneous nature of masonry, combined
with its wide variation in deformation and strength properties, makes understanding the
behaviour of infill-frames difficult. Additionally, the performance of infill-frames can be
affected by its geometric aspects, e.g. gaps situated at the sides and top of the infill, openings
in the frame such as doors and windows, aspect ratio and the thickness.
The high nonlinear behaviour of infill-frames makes nonlinear finite element (FE) modelling
an appealing option for comprehending their overall behaviour. However, this approach can be
very complex for everyday design calculations, and some simplified methods are required for
these purposes. The most commonly used simplification is the equivalent strut modelling
method (Figure 2). Single-strut models were originally proposed (e.g. Holmes (1961), Stafford
Smith (1962), Mainstone (1971), Priestley and Paulay (1992) and Durrani and Luo (1994)),
but further research showed that this method did not accurately represent the interaction
between the panel and the frame. Consequently, many other models with multiple struts were
proposed to better analyse an infill-frame structure (e.g. El-Dakhakhni, Elgaaly, and Hamid
(2003), Crisafulli and Carr (2007), Rodrigues, Varum, and Costa (2010), Chrysostomou
(1991)) as illustrated in Figure 3.
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Figure 2: Use of the equivalent diagonal strut to represent the infill panel (Mohyeddin, 2011)

shear
spring

masonry
strut
(b)

(a)

(d)

(c)

Figure 3: Examples of multiple-strut models with struts in different locations: (a) ElDakhakhni et al. (2003); (b) Crisafulli and Carr (2007); (c) Rodrigues et al. (2010); (d)
Chrysostomou (1991)

Mohyeddin, Goldsworthy, and Gad (2013a) constructed detailed FE models of infill-frames,
which have been experimentally tested, and they observed how the load paths (Figure 4) were
developed in the infill panel at various drifts. They concluded that the geometric properties of
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the struts, i.e. the number, width and location of struts, are dependent on both the infill-frame
properties and the drift level of the analysis. Therefore, it is not possible to apply one strut
model to all infill-frames and appropriately capture their behaviour. Mohyeddin (2011)
suggested that “case-specific” strut models would be the best approach to represent such
structures. They found that the strut models constructed based on the load paths were able to
capture the nonlinear behaviour of the selected infill-frames.

Figure 4: Load paths in the infill panel used to determine the strut locations (Mohyeddin et
al., 2017a)

1.1.Aims and objectives
This research aimed to apply the case-specific strut modelling technique to a number of
reinforced concrete infill-frames available from the literature. There was a focus on
identifying the physical properties of a reinforced concrete infill-frame that affect the
geometric properties of the equivalent strut(s). In order to achieve this, the following
objectives and steps were defined:
1) Literature review and understanding the behaviour of infill-frames:
There is a vast amount of literature on the topic of infill-frames and equivalent strut
modelling. The literature was reviewed in order to provide a better understanding of the
behaviour of these structural systems. There was a focus on the strut models proposed
by researchers and design codes. It was also important to understand which infill-frame
parameters have been used by previous authors to develop strut models.
2) Defining equivalent strut models for infill-frames based on FE analyses:
a. Select the infill-frames:
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There are many available reports from the literature on experimental tests of single-bay,
single-story infill-frames under lateral loading. In order for an infill-frame to be selected
for this research, a significant amount of information needed to be available on the
infill-frames’ material and geometric properties. The infill-frames were selected with
the objective of representing a broad range of infill-frames in terms of physical
properties. Also, the attempt was to find references where as much information and
measurements required for the finite-element analyses as possible was available from
the references.
b. Generate the detailed FE model of infill-frames to analyse for the load
paths in the infill panels:
A detailed FE model of each of the selected infill-frames was generated using ANSYS
through an input macro script available from the literature and then analysed under
gravity and a subsequent lateral monotonic displacement. Initially, the bare frame (i.e.
the frame without masonry infill) was analysed to verify its results to that of the
experiment. A second comparison was made between the experimental and FE results
to verify whether the infill-frame FE model was a good representation of the actual
specimen.
c. Define the strut properties of each infill-frame based on the results of item
2b:
Diagonal (compressive) load path(s) form in the infill panel after a certain amount of
lateral displacement is applied to the infill-frame. The location and width of
(compressive) load path(s) were measured and subsequently used to define the
properties of the strut(s) to be used in the construction of the equivalent strut model of
the same infill-frame.
d. Create the equivalent strut model of infill-frames:
Nonlinear equivalent strut models were created and analysed using OpenSees. The strut
models were considered to be a good representation of the infill-frame if they captured
its nonlinear behaviour. This was verified by comparing the force-drift curves of the
strut model to that of the infill-frame’s experimental test. If no experimental test was
available, as it happened in the sensitivity analyses (item 8 below), the results were
compared against that of the detailed FE model.
a. Analyse the sensitivity of struts to changes in: (i) masonry material
properties and, (ii) the distribution of vertical load on the frame:
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In order to better comprehend what influences the strut properties, i.e. number, location
and width of the strut(s), sensitivity analyses were carried out on two of the infill-frames.
In one specimen, there was a 25% increase and a 25% decrease in specific masonry
material properties. In another specimen, there was a variation in the amount and
distribution of the vertical load on the infill-frame.
b. Examine whether the proposed strut model for an infill-frame can be
applied to other infill-frames:
The proposed strut model for each of the selected infill-frames was applied to the other
selected specimens to investigate whether they can capture the nonlinear behaviour of
any other infill-frame(s).
3) Relationship between the properties of strut models and those of infill-frames:
The results were analysed to find if the properties of infill-frames could be related to
the geometric properties of the struts.

1.2.Analysis numbering
The specimens selected for the current study are labelled in the following format: A-SS-SNSA. The letters in the format are replaced by the numbers or letters according to the
abbreviations explained below:


A is the first author in the reference of the study that conducted the experimental test
on bare frames and infill-frames:
o M: Mehrabi (1994)
o B: Basha and Kaushik (2016)
o S: Suzuki et al. (2017)
o P: Pires (1990)
o Z: Zhai et al. (2016)



SS is the structural system used:
o BF: bare frame
o IF: infill-frame



SN is the specimen number if there is more than one infill-frame from the same
reference, which only happens with the study by Mehrabi (1994):
o 8: Specimen 8
o 9: Specimen 9
o 11: Specimen 11
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SA is the sensitivity analysis number or letters, and only Specimens 8 and 9 have
these additional characters:
o 2: 25% increase in the masonry compressive (𝑓′
(𝑓′

) and tensile strength

);

o 3: 25% decrease in the masonry compressive (𝑓′
(𝑓′

) and tensile strength

);

o 4: 25% increase in the strain at the ultimate compressive and tensile strength
of masonry (𝜀

);

o 5: 25% decrease in the strain at the ultimate compressive and tensile strength
of masonry (𝜀

);

o 6: 25% increase in the masonry tensile strength (𝑓′

);

o 7: 25% decrease in the masonry tensile strength (𝑓′

);

o DLCB: double the total vertical load and apply it to the columns and beam;
o DLCO: double the total vertical load and apply it only to the columns;
o HLCB: half the total vertical load apply it to the columns and beam;
o ELDB: equal amount of vertical load with double the load on the beam.

1.3.Commercial FE program ANSYS
Mechanical APDL (ANSYS Parametric Design Language) developed by ANSYS, Inc was the
program used for detailed FE analysis. Initially, the intention was to use one of the latest
versions of ANSYS (version 18.0) and use its new options available for concrete modelling,
which is the combination of element Solid185 with the Menetrey-William material model.
However, it was found that the information available on the application of this new material
model was very limited. A decision was made to use the same concrete modelling strategy
adopted in the macro script by Mohyeddin (2011), which was used in the current study to
generate the detailed FE models. The concrete material model adopted was a combination of
the [CONCR] and the [MKIN] model, which is a multilinear stress-strain curve, applied to the
Solid65 element (concrete element). However, the association of the [MKIN] model with the
Solid65 element in version 18 of ANSYS was not possible. Consequently, an attempt was made
to use a previous version, 16.2, in which this combination was possible. From version 12.1 to
version 16.2, some significant updates were made in regards to contact element parameters.
Some options that were used in the macro script created in version 12.1 were no longer
available in version 16.1. When using version 16.2 of ANSYS, many trials were made to make
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the contact elements behave as they did when using version 12.1, but these were not successful.
When there were no contact elements in the model, as it occurs in a bare reinforced concrete
frame, the results were acceptable; however, when contact elements were required, the
convergence became very difficult. Therefore, a decision was made to use version 12.1 of
ANSYS. It was found that convergence was improved in this version, but the solution was
slower than in it was in the newer versions of the software.
Many days were required to complete an analysis of an infill-frame using ANSYS, and the
program was found to be not the most powerful tool for the detailed FE analysis of such
structures. ABAQUS was purchased by the School mid-way through the current research.
Some analyses were performed using ABAQUS, and it was proved to be a more suitable tool
for the analysis of infill-frames. However, an extensive effort had already been made to create
the models in ANSYS, and hence the decision was to continue with the original software.

1.4.Organisation of thesis
This thesis includes eight chapters as outlined below:
Chapter 1 provides an introduction of infill-frames and equivalent strut models, as well
as the aims and objectives of this study. It also gives explanations about the detailed FE
program used and its different versions.
Chapter 2 includes a literature review of infill-frames and equivalent strut models. It
also covers the approach of international design codes on these topics. The final section
summarises the chapter and indicates the main difficulties in understanding infill-frame
behaviour and the drawbacks of equivalent strut modelling.
Chapter 3 describes the methodology of this study and the process used to reach the
aims and objectives previously stated.
Chapter 4 explains the strategy for detailed FE modelling of bare frames and infillframes using ANSYS. It gives insight into the types of elements used in this research and the
material models applied to these elements.
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Chapter 5 is dedicated to the modelling of bare frames and strut models using the
nonlinear FE program OpenSees (Open System for Earthquake Engineering Simulation). It
provides information on the type of elements and material models adopted.
Chapter 6 describes the experimental tests conducted on bare frames and infill-frames
selected for this study and provides their material and geometric properties, as well as vertical
load values.
Chapter 7 provides the results of each bare frame, infill-frame and strut model analysis
and compares them with that of the experiment. This chapter provides the load paths and the
proposed strut model for each infill-frame. It demonstrates what occurs when the strut models
proposed in the current study and the strut models from the literature are applied to the selected
infill-frames. The final section of the chapter gives insight into the parameters that may affect
the geometric properties of the struts.
Chapter 8 concludes the thesis and describes the significance of this study for the
engineering practice. It outlines the main findings of this research and provides suggestions for
further research on this topic.
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2. LITERATURE REVIEW
2.1. Introduction to the masonry infill-frame structure system
Many researchers have contributed to a better understanding of the behaviour of infill-frames
in the past 60 years. In one of the earliest studies, Wood (1958) analysed the stability of tall
buildings using full-scale infill-frames. The tests had two types of steel frames, bare and
covered in concrete; and two kinds of bricks, clay and clinker. His experiments showed that
adding a brick panel inside a steel frame reduced the structure’s side-sway. He also noted that
the mode of failure of the brick panel on its own or the frame on its own differs from the failure
of the infill-frame. The author concluded that plastic hinges formed in the beam due to
compression “bands” in the brick panel.
Benjamin and Williams (1958) conducted another early study on the behaviour of walls. Their
research investigated the behaviour of unreinforced brick masonry walls and how effective
they are in resisting in-plane loads. The authors analysed three types of structures in the study:
brick masonry panel without a frame, reinforced concrete frame with a brick masonry infill,
and a steel frame with a brick masonry infill. A horizontal force located at the corner of the
frame or wall was the only force applied to the specimens. The authors also investigated the
scale effect on infill-frame structures, and they concluded that errors caused by different scale
sizes for the models were not significant to the results. This showed that the study of infillframes through scaled models is appropriate. In the brick walls without frames, the research
indicates that failure occurred at a very low load and the location of the failure was at the
junction of the wall and the concrete foundation. If a crack appeared at this location, the only
resistance that the wall had was due to friction.
Furthermore, Benjamin and Williams (1958) study also involved twenty tests of reinforced
concrete frames with masonry infill specimens. Their experiments investigated the following
parameters: length-to-height ratio, brick size and frame effect. Observing the load-deflection
curves of the tests, the authors concluded that the length-to-height ratio had a significant effect
on the strength and stiffness of the structure. Additionally, the authors found that brick size was
not an important parameter for this range of tests and that the frame had little effect on the wall
strength if it did not fail before the failure of the panel. The authors observed that as the load
increased, the masonry panel and the frame started separating except at the top of the windward
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column and the bottom of the leeward column, and an abrupt crack of the panel along the
compressed diagonal defined the strength of the specimen. When analysing steel infill-frames,
the authors noticed that they had different stiffness and were much more flexible than the
reinforced concrete infill-frames. The research concluded that the surrounding frame, whether
it was made of steel or reinforced concrete, added significant strength and stiffness to the
masonry wall.
Stafford Smith (1966) did an analytical and experimental study with more than 200 small-scale
model tests with different length-to-height ratios, frame stiffness, and up to four storeys in
height to examine in detail the type of composite action that occurs in infill-frames. The author
assumed that the structures were not integral and not bonded together, so he could see where
the separation between the infill panel and frame would occur. He also used cement mortar as
his infill material, which is homogeneous and isotropic. This is not the case with real infill
panels as they have bed and head joints. By having a homogeneous infill, the author could
analyse the stresses in the infill panel by seeing where the cracking occurred. On his models
with square steel frames, the diagonal crack appeared at the centre of the infill panel and
continued in a diagonal path towards the loaded corners
It is common for the interface between the frame and the infill panel to separate in certain parts
when lateral loads are applied to an infill-frame. The part of the interface that usually remains
in contact is the area around the corners of the load path in the panel. Stafford Smith (1966)
agreed that it would be convenient to use a diagonal strut along this load path to represent the
stiffness of the infill. This model, however, assumes that the frame and the panel interact at a
specific point, despite such interactions occurring over a broader region, which the author
named as the length of contact. The authors related the stiffness of the infill-frame to the length
of contact, which is the location of the load transfer from the frame to the panel. Therefore, the
stresses and the strength of the infill panel are also related to the length of contact. Based on
the experimental results, the author undertook theoretical analyses to demonstrate that the
length of contact is a function of the relative stiffness of the frame members in flexure and the
infill panel in compression. The higher the stiffness of the frame compared to the infill, the
longer the length of contact. Using a diagonal equivalent strut modifies the way the reaction of
the infill panel occurred, which in turn influenced the frame’s behaviour and changed the
stiffness contribution. However, the author concluded that any errors would not be significant
as the frame made a small contribution to the stiffness and was very flexible compared to the
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infill.

2.2.Infill-frame: experimental tests
Many experimental tests have been performed on infill-frames since they started to be studied
in the late 1950s. Fiorato et al. (1970) conducted tests on one-eighth scale models of RC frames
with masonry infill subjected to lateral loads. The tests of eight single-story single-bay, thirteen
five-story one-bay and six two-story three-bay specimens. The authors described the failure
modes and the resistance mechanism of these structures and attempted to relate their behaviour
to their geometric and material properties. The variables used for the analyses were height or
number of stories; width or number of bays; quantity, quality, and distribution of the frame
reinforcement; the amount of vertical load applied to the columns (which was only done on the
two- and five-story specimens); size, shape and position of wall openings. The material used
for the panels was small-scale clay bricks and mortar. Some specimens in each group had
openings in the panel, and one of the five-story structure had no masonry.
Fiorato et al. (1970) observed that the load-deflection curve varied in shape according to the
influence of the above variables. The experimental results indicated that having an infill panel
in the structure changed the strength and behaviour of the frame. The reinforced concrete frame
with the masonry panel became less ductile and had higher strength than the bare frame. The
authors concluded that the initial stiffness of the infill-frame could be estimated assuming
elastic material properties for the frame combined with the flexural and shear stiffness of the
panel. After cracks formed in the panel, they used the knee-braced-frame approach (Figure 5).
However, the authors were not successful in developing a criterion to incorporate the effects
of frictional forces developing at the interface of the infill-frame in this hypothetical model.
Since the forces mentioned above were ignored, the capacity of the structure calculated by this
approach was underestimated.
Additionally, Fiorato et al. (1970) observed that an increase in vertical loads increased the
stiffness and strength of columns and the shearing capacity of the walls; therefore, it increased
the strength and stiffness of the infill-frame system. The authors noted that the load at which
the cracks initiate depended on the quality of the masonry and the dimensions of the panel.
They concluded that openings in the panel lowered the strength of the infill-frame and made it
more flexible. The experimental results also showed that the slip of reinforcement bars led to
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a higher lateral deflection and that a higher amount of reinforcement led to an increase in
stiffness of the frame.

Figure 5: Various Knee-braced systems: (a) Knee-Braced Moment Frame; (b) Knee-Braced
Moment Frame with Partially Restrained Connections; (c) Knee-Braced Frames; and (d)
Knee-Braced Truss Moment Frame (Leelataviwat, Doung, & Junda, 2017)

Pires (1990) conducted seven experimental tests on 2:3 scale models, of which six were singlestorey single-bay RC frames infilled with brick masonry infill and one was a bare frame. The
materials and construction techniques used in Portugal were applied to the study. The author
investigated the following parameters: the condition of the connections between the frame and
the infill panel (frame constructed before the infill panel, and vice-versa); the condition of the
anchorage of the frame’s longitudinal reinforcement (complying or not with the Portuguese
standards that were applicable at the time of the study); the existence of hoops at the joints of
the frame and the spacing of hoops in the zones close to the joints; and the longitudinal
reinforcement ratio in the columns. It was observed that the infill panel became divided into
two zones, which behaved as two or three compressed "bars", after the first cracking occurred;
one bar was located along the diagonal of the infill panel, and the position of the other bar(s)
varied depending on how the cracking in the infill panel evolved. The construction method
appeared to affect the modes of failure of the infill-frame; when the frame was constructed after
the infill, the structure usually failed by shear in the columns. This may have occurred because
the same infill-frames also had a higher ultimate load, which may have caused higher shear
forces at the extremities of the columns. The author found that differences in reinforcement did
not seem to affect the ultimate load, the initial stiffness and the appearance of the first cracks.
She concluded that the addition of the infill panel increased the energy dissipation capacity of
the structure. The infill-frames where the infill was constructed after the frame reached
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distortion levels almost as high as the bare frame.
Mehrabi (1994) performed tests on fourteen one-half scale RC frames with masonry infill
subjected to in-plane lateral loads, both monotonic and cyclic. He wanted to evaluate the
performance of these structures according to certain parameters such as strength and stiffness
of the infill panel compared to those of the RC bare frame, the lateral load history, the lengthheight ratio of the panel, and the amount and distribution of vertical load. Two types of frames
were constructed: one was a “weak” frame design, which was based on a strong wind load, and
the other was a “strong” frame design, which was based on the equivalent static forces
stipulated for seismic zones. The infill panels consisted of hollow concrete masonry
representing the weak panels and the solid concrete masonry representing the strong panel.
The prototype structure used by Mehrabi (1994) was a six-story, three-bay, reinforced concrete
moment-resisting frame, which represented the interior frame of a typical office building. The
author proposed an analytical method to acquire the information required for seismic analysis
of structures, namely ductility, natural period and yield resistance, based on the results obtained
from experimental small-scale tests.
The main findings of the study by Mehrabi (1994) were:


The addition of an infill panel increased the structure’s stiffness and ultimate
lateral load when compared to a bare frame and improved the energy
dissipation capacity (more evident when a strong material was used for the
panel).



The ranges of the panel aspect ratio considered in the study had a small
influence on the stiffness and the ultimate lateral load of the frames with
strong infill panels and a more substantial influence on the frames with weak
panels. The decrease in the aspect ratio caused an increase in the ultimate
lateral load.



The increase of the total vertical load significantly increased the stiffness and
the ultimate lateral load of the infill-frame, but the different distribution of the
load between the beam and columns considered in the study was not very
significant. Applying more load on the beam increased slightly the ultimate
lateral load of the structure, which could be a result of the increase in shear
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strength of the infill panel coming from the higher compressive stresses in the
bed joint.


In regards to the calculation of lateral stiffness using analytical methods, the
equivalent beam model overestimated the value while the strut model
underestimated it. In the equivalent beam model, the entire wall is represented
by only one element, which is located at the centroid axis of the wall, and it is
connected to the beams of the frame by rigid links.



In a frame with a strong infill panel, the interaction of the infill panel and the
frame increased the ultimate lateral load if the frame is sufficiently strong. In a
frame with a weak panel, this interaction increases the lateral load to a much
lesser extent.



If the frame is weak, the frame-infill interaction could cause shear failure in
the windward column, and this prevents the use of the diagonal strut
mechanism.



The specimens subjected to cyclic load had a faster load degradation and a
lower resistance with respect to the lateral drift when compared to those
specimens subjected to monotonic loads.



The degradation of the post-peak strength with respect to the drift was faster
when strong infills were present, and this result was more pronounced when
the infill-frames were subjected to cyclic loads.

Basha and Kaushik (2016) performed eleven experimental tests on half-scale reinforced
concrete frames under slow cyclic in-plane loading. Two of the eleven frames were bare
frames, one being a ductile frame and the other a non-ductile frame. Six frames were infillframes, four being full-scale bricks and two being half-scale bricks. The infill-frames with fullscale bricks were divided into four types of frames: ductile, non-ductile, ductile retrofitted and
non-ductile retrofitted. The infill-frames with half-scale bricks had two types of frames: ductile
and non-ductile. The other three infill-frames had full-scale bricks, and they had improved the
detailing in certain parts of the frame according to current seismic codes. The infill-frames
analysed in their study were based on a ground-story frame located in the exterior part of a
two-story office building. All the infill-frames tested in the study had the same failure mode,
shear failure of the columns. Similarly to Mehrabi (1994), the authors found that the frames
infilled with masonry had a higher stiffness, strength and energy dissipation capacity than the
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same frame with no infill. The authors also found that in the infill-frames with improved
detailing, the shear failure in the columns occurred at a higher drift; however, it did not prevent
it, which shows that the current design codes are not adequate.

2.3.Infill-frame: modes of failure
From experimental observations, Wood (1978) identified four different failure modes:
composite shear mode (strong frame and weak infill panel), shear rotation mode (medium infill
panel strength), diagonal compression mode (weak frame and strong infill panel) and corner
crushing mode (weak frame with a strong infill). In Wood’s plastic theory, he used the bending
strength of the frame and crushing stress of the infill material to evaluate the failure modes and
the corresponding collapse shears. The author creates a penalty factor 𝛾 that accounts for the
imperfect plasticity by lowering the effective crushing stress of the panel. He also develops a
non-dimensional ratio for frame-to-wall strength, 𝑚, which assists in discovering the mode of
failure that will prevail in a specific infill-frame. The value of 𝑚 is given by:

(1)

𝑚=

where 𝑀

is the plastic moment capacity of the joint, which is the smaller value of 𝑀

(plastic moment capacity of the column) and 𝑀

(plastic moment capacity of the beam), 𝑓 is

the compressive strength of the infill, 𝑡 and 𝑙 are the thickness and the length of the infill
panel, respectively. The author concluded that if:


𝑚 > 1: composite shear failure mode is expected;



0.2 < 𝑚 < 1: shear rotation failure mode is expected;



𝑚 < 0.2: diagonal crushing mode or corner crushing failure mode is expected.
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(a)

(b)

(c)

(d)

Figure 6: Plastic failure modes for infill-frames observed by Wood (1978); (a) shear mode,
(b) shear rotation model, (c) diagonal compression mode, (d) corner crushing mode (Wood,
1978)

In the plastic theory by Wood (1978), there is no difference in the calculations between integral
and non-integral infill-frame, and this created a significant discrepancy between the
experimental results and what was predicted in theory. Unlike Wood (1978), Liauw and Kwan
(1983a, 1983b) made two different plastic theories for infill-frames: one theory for integral
frames (frame and infill have a strong bond) and one theory for non-integral infill-frames
(interface between frame and infill have a weak bond where friction may develop). In their
plastic theory for integral infill-frames, Liauw and Kwan (1983a) considered the stress
redistribution due to cracking and crushing of the panel near collapse and the shear strength at
the infill and frame interface. In their research, they found four modes of failure:


Corner crushing with failure in the column and infill-beam connections



Corner crushing with failure in the beam and infill-column connections
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Diagonal crushing with failure in the infill-beam connections



Diagonal crushing with failure in the infill-column connections

For the authors, a plastic theory was needed to take into account the bending strength of the
frame, which they found to be influential on the strength of infill-frames, especially in the
model without any connectors (Liauw & Kwan, 1982). The authors believed that the most
studied parameter in previous research, the relative stiffness parameter 𝜆 , should not be related
to the collapse load of the infill-frame because it is more suitable to for use in an elastic analysis
than in a plastic one. They did not take into account the contribution of friction, which their
previous research (Liauw & Kwan, 1982) showed to be insignificant and they considered it to
be a strength reserve. In their research, they found the modes of failure to be dependent on the
proportions of the panel and the relative strength between the columns, the beam and the infill.
The modes of failure of non-integral infill-frames (Liauw & Kwan, 1983b) are:


Mode 1 (Figure 7): corner crushing with failure in the column – failure occurs
firstly in the column, and then the loaded corners of the infill panel are
crushed (weak columns compared to a strong infill);



Mode 2 (Figure 8): corner crushing with failure in the beam – failure occurs
firstly in the beam, and then the loaded corners of the infill panel are crushed
(weak beam relative to a strong infill);



Mode 3 (Figure 9): diagonal crushing mode – the infill panel crushes at the
loaded corners, and afterwards there is a failure in the joints of the frame
(strong frame compared to a weak infill). There is a separation of the frame
and panel, and the length of contact is only a fraction of the height or span.

The mode of failure of an infill-frame is considered to be the type of failure, of the ones
mentioned above, that results in the smallest collapse shear strength according to the following
equation:

(

⎧
⎪
= 𝑚𝑖𝑛

⎨
⎪
⎩

+

)

{ ,

(mode 1)

⎫
⎪

(mode 2) ⎬
⎪
(mode 3)⎭
}

(2)
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where ℎ is the column height between the centres of the beam, 𝜃 is the angle between diagonal
and the horizontal, 𝐻 is the collapse shear, 𝑀
which is the smaller value of 𝑀

is the plastic moment capacity of the joint,

(plastic moment capacity of the column) and 𝑀

(plastic

moment capacity of the beam), 𝑓 is the compressive strength of the infill, 𝑡 and 𝑙 are the
thickness and the length of the infill panel, respectively.
The authors also developed three different relative strength parameters: for the columns (𝑚 ),
for the beam (𝑚 ) and one for both the columns and beam (𝑚 ). When 𝑚 has a small value
(weak frame and a strong infill panel), the corner crushing failure mode is more likely to occur.
When 𝑚 is large (strong frame and a weak infill), the diagonal crushing mode is more likely to
prevail. The values for 𝑚 , 𝑚 and 𝑚

are given by:

𝑚 =

(3)

𝑚 =

(4)

𝑚

=

(

)

(5)

where 𝜎 is the crushing stress in the infill panel and the other variables were described in
Equations 1 and 2.
𝐻 tan 𝜃
𝐻

ℎ

𝑙
Figure 7: Mode 1 - plastic hinges form at the loaded corners and the columns (Liauw &
Kwan, 1983b)
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𝐻 tan 𝜃
𝐻

ℎ

𝑙
Figure 8: Mode 2 - plastic hinges form at the loaded corners and the beam (Liauw & Kwan,
1983b)

𝐻 tan 𝜃
𝐻
ℎ

𝑙
Figure 9: Mode 3 - infill panel is not strong enough to form plastic hinges, so they are formed
at the crushing region of the panel. (Liauw & Kwan, 1983b)

To prove their theory, Liauw and Kwan (1984) studied experimentally and analytically the
behaviour of non-integral infill-frames. For the experimental studies, the authors used steel
frames and micro-concrete for the infill panel. For the finite element analysis, they divided the
infill-frame into interface, panel and frame elements. The frame material was considered as
elasto-plastic, and the panel material was considered as a linear-elastic brittle material in
tension and nonlinear in compression. The simplifications that were made for this nonlinear
analysis were:


The material panel was deemed to be anisotropic because of the cracking, and
not because of the nonlinearity;



The value of Young’s modulus was changed according to the stress level to
account for the nonlinearity;
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The Young's modulus changes as a function of a more considerable
compressive principal strain; and



The Poisson’s ratio remains constant.

To reduce the effective crushing stress of the infill panel and to account for the nonideal
plasticity of masonry, Dawe and McBride (1985) applied the penalty factor that was suggested
by Wood (1978) to the equations developed by Liauw and Kwan (1983b) and he found that the
values from the theory were in good agreement with test results. With the addition of the
penalty factor, Equation 2 becomes the following:

⎧
⎪
= 𝑚𝑖𝑛

⎨
⎪
⎩

(

)

(mode 1)

⎫
⎪
(6)

(mode 2)
+

{ ,

}

⎬
⎪
(mode 3)
⎭

where,
(7)

𝛾 = 2.663𝑚 − 1.37𝑚 + 0.406 ≤ 0.45

In the above expressions, 𝛾 is the penalty factor that accounts for impeferct plasticity, ℎ is the
column height between the centres of the beam, 𝜃 is the angle between diagonal and the
horizontal, 𝐻 is the collapse shear, 𝑀
the smaller value of 𝑀

is the plastic moment capacity of the joint, which is

(plastic moment capacity of the column) and 𝑀

(plastic moment

capacity of the beam), 𝑓 is the compressive strength of the infill, 𝑡 and 𝑙 are the thickness and
the length of the infill panel, respectively, and 𝑚 is the non-dimensional ratio for frame-to-wall
strength given by Equation 1.
Mehrabi (1994) also studied the failure modes of infill-frames in his experimental tests. The
three common failure modes observed in the infill-frames tested by them were:


Weak panel: slips along the bed joints and plastic hinges in the frame;



Weak frame and strong panel: brittle shear failure in the windward columns;



Strong frame and strong panel: crushing of the infill.
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Chrysostomou and Asteris (2012) developed a simplified method for predicting the failure
modes of infill-frames by performing a parametric study based on equations from Dawe and
McBride (1985). They rewrote these equations as a function of 𝑚, eliminated the infill panel’s
compressive strength from the formulas and set tan 𝜃 equal to

(height to length of the

frame). The equations became the following:

⎧
⎪
If 𝑀 <𝑀 

= 𝑚𝑖𝑛

⎨
⎪
⎩
⎧
⎪
⎪

If 𝑀 <𝑀 

= 𝑚𝑖𝑛

⎨
⎪
⎪
⎩

⎫
⎪

( )

(1 +

( )
( )

+

,( )

(1 +

( )

)

+

(8)

) ⎫
⎪
⎪

( )
( )

⎬
⎪
⎭

,( )

⎬
⎪
⎪
⎭

(9)

where 𝛾 is the penalty factor that accounts for imperfect plasticity; ℎ and 𝑙 are the height and
length of the frame, respectively; 𝐻 is the collapse shear; 𝑀
of the joint, which is the smaller value of 𝑀
𝑀

(plastic moment capacity of the beam); 𝑓′

is the plastic moment capacity

(plastic moment capacity of the column) and
is the compressive strength of the infill; and

𝑡 is the thickness of the infill panel.
The parametric study of the failure mode was made by plotting the failure as a function of the
height-length aspect ratio and setting different values of 𝑚 for each plot. The results obtained
from the parametric study to find the most probable failure mode are summarised in Table 1.
With this parametric analysis, it was possible to conclude that the most common type of failure
would be corner crushing with failure in the column because most of the infill panels have an
aspect ratio lower than 1.0 and most existing structures have column capacity smaller than the
beam capacity.
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Table 1: Summary of the observations made by Chrysostomou and Asteris (2012) in regards
to the most likely failure mode for an infill-frame
Plastic moment
of beam/column

Height/length
(aspect ratio)

Value of
𝒎

Beam to column
relative strength

𝑴𝒑𝒄 <𝑴𝒑𝒃

Less than 1

𝑚 > 0.60

All values
All values, except

𝑴𝒑𝒄 <𝑴𝒑𝒃

Larger than 1

N/A

when strengths
are equal

𝑴𝒑𝒄 <𝑴𝒑𝒃

Larger than 1

N/A

Equal strength

𝑴𝒑𝒄 >𝑴𝒑𝒃

Larger than 1

𝑚 > 0.60

All values

𝑴𝒑𝒄 >𝑴𝒑𝒃

Less than 1

N/A

Some values

𝑴𝒑𝒄 >𝑴𝒑𝒃

Less than 1

𝑚 < 0.72

Some values

𝑴𝒑𝒄 >𝑴𝒑𝒃

Less than 1

𝑚 > 0.72

Some values

Failure mode
Corner crushing with
failure in the column
Corner crushing with
failure in the beam
Corner crushing with
failure in the beam
Corner crushing with
failure in the beam
Corner crushing with
failure in the column
Diagonal crushing
Corner crushing with
failure in the beam

2.4.Strut modelling of infill-frame structures
Polyakov (1960) was the first to suggest the use of a diagonal strut to represent the masonry
infill inside a frame. He did experiments on steel frames with nine masonry infill panels (three
bays and three storeys high) to investigate the possibility of using a frame system with diagonal
braces to represent the masonry bricks. His research aimed at determining whether the best way
to represent a wall with multiple panels was to consider the infill panel of each frame as a
diagonal strut or if it should be regarded as a homogeneous mass of masonry, reinforced with
beams and columns. The author used a one-bay one-storey infill-frame to calibrate the
experiment, and it was built with the same material and geometric properties as the frames in
the nine-panel wall. The behaviour of both of the structures was very similar as they acted as
one single block until the first cracking occurred. In both the nine-panel wall and the calibration
infill-frame, he observed that the stresses were transferred from the frame to the infill panel
through the areas that were compressed at the interface, forming a compressive diagonal path
that initiates at the top of the windward column to the bottom of the leeward column. The
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author named the opposite diagonal in the frame as the “tension” diagonal. In the compressed
diagonal, the greatest deformation occurred at the corners. However, in the “tension” diagonal,
the deformation was minimum at its corners and overall was much less significant than the
ones at the opposite diagonal. Finally, the author concluded that the manner in which the cracks
distribute through the infill panel showed that the diagonal brace system was the better of the
two options to represent this structure.
2.4.1.

Single-strut models

The first author to develop a formula for the strut width of an infill panel was Holmes (1961).
He investigated the effect of masonry and concrete infills on steel frames subjected to lateral
loads and how the infill panel contributed to the overall strength of these frames. The author
formulated equations to calculate the horizontal load required to cause failure in the frame and
also the horizontal deflection at failure. He then compared the results from the two equations
with experimental results for 13 different types of frames. Overall, the calculated deflection
from the equations at failure was usually 90% to 100% of the experimental result for the same
structure. For two structures with an unframed opening in the masonry infill, there was a 30%
to 40% reduction in the ultimate load. To elaborate the formulas, the author assumed that the
frame and infill panel at ultimate lateral load are in contact only at the loaded corners of the
panel. He proposed the following equations:

𝐴 =𝑡

or

( 10 )

=

( 11 )

𝐹=𝐴 ∗ 𝑓

where 𝐴 is the cross-section of the equivalent strut; 𝑡 is the thickness of the infill panel; 𝑑 is
the diagonal of the rectangular steel frame; 𝑤 is the width of the equivalent strut; 𝐹 is the
compressive force in the equivalent strut; and 𝑓 is the compressive strength of the infill panel
in the direction of the frame’s diagonal.
One year later, Stafford Smith (1962) did a large number of experimental tests on steel frames
with masonry infill, and he found that the

ratio varied from 0.10 to 0.25. Therefore, he

suggested the following formula for the width of the equivalent strut:
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𝑤 =

( 12 )

He also concluded that that the stiffer the frame was relative to the infill, the longer the length
of contact would be in the corner, which is where the load transfers from the frame to the infill.
This would also increase the width of the equivalent strut.
Later in the 1960s, Stafford Smith (1966) related the contact length between the frame and the
infill panel to the width of the equivalent strut. He performed more than 200 tests on smallscale steel frames infilled with mortar. The infill-frames had a wide range of length to height
ratio, different frame stiffness and were one to four stories high. The main issue with his
experimental results is that the use of mortar, a homogeneous and isotropic material, does not
represent the reality of infill panels, which are usually built with mortar and bricks. He created
an equation that calculates the parameter 𝜆 , which considers the influence of the relative
stiffness of the frame and infill panel on the stiffness and strength of the structure, and is given
by:

𝜆 =

( 13 )

where 𝐸 and 𝐸 are the Young’s modulus of the infill panel and the frame, respectively; 𝑡 is
the thickness of the infill; ℎ is the height of the infill; 𝜃 is the slope of the diagonal in the
infill; 𝐼 is the second moment of area of the column and ℎ is the height of the frame. The
author found that the most appropriate way to represent the length of contact, the stiffness and
strength of the infill-frame, and the progression of the modes of failures was through a function
of 𝜆 . Through experiments and approximate analyses, the author considered the contact length
to be

𝛼 =

( 14 )

In his experiments, Stafford Smith (1966) used laterally loaded multistorey infill-frames. He
found that for infill-frames with a weak infill, the contribution of the frame to the stiffness was
very significant. The author also concluded that in most cases it would be possible to adapt the
suggested parameters to simplify the calculations for stiffness and strength, but only if the infill
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panel tightly fitted in the frame. If not, the calculations would be accurate when enough
deformation had occurred for the frame to be in complete contact with the infill.
An extensive study was done by Mainstone (1971) to analyse all the variables that could
influence how the diagonally loaded frame interacted with the infill. He did tests on 1:6 scale
and full-size models, with strong and weak frames infilled with micro-concrete (reinforced and
unreinforced) and brick infill. He proposed an equivalent diagonal strut model for infill-frames
to estimate the contribution of the infill panel on the stiffness and the ultimate lateral load, but
his model can only be applied to an infill panel that has not cracked. He used the product of
𝜆 ℎ to propose empirical equations to calculate the width of the equivalent strut (𝑤 ). He
presented two sets of equations: one is for a brick infill, and the other is for a concrete infill.
Equations 15 and 16 are for values of 𝜆 ℎ between four and five, and Equations 17 and 18 are
for values higher than five.

= 0.175(𝜆 ℎ )

.

(brick)

( 15 )

= 0.115(𝜆 ℎ )

.

(concrete)

( 16 )

= 0.16(𝜆 ℎ )

.

(brick)

( 17 )

= 0.11(𝜆 ℎ )

.

(concrete)

( 18 )

where 𝑑 is the diagonal length of the infill; ℎ is the height of the frame; 𝐸 and 𝐸 are the
moduli of elasticity of the infill panel and the frame, respectively; 𝐼 is the column’s second
moment of area; 𝜃 is the slope of the diagonal in the infill; and 𝑡 is the thickness of the infill.
The previous equations are used to find the stiffness in a frame with a solid infill panel, and
Equation 15 is used by FEMA 306 (1998) for the same purpose.
Liauw and Kwan (1984) studied integral infill-frames both experimentally, using steel frames
and micro-concrete infill, and analytically, using the finite element method. They developed
an empirical formula for the equivalent strut width to be employed in the calculation of the
stiffness of the infill-frame. The significant difference between the previous formulas and this
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one is that it does not depend on the diagonal length of the infill, 𝑑, and it is independent of the
aspect ratio of the panel. Based on experimental results from a previous study by Barua and
Mallick (1977) that tested infill-frames with an aspect ratio that varies from 1 to 1.5, they
created the following equation that calculates the width of the diagonal strut, 𝑤 :

𝑤 =

.
(

)

ℎ cos 𝜃

( 19 )

Based on their finite element analysis, in which they neglect friction, the points of the graph
(cos 𝜃 ) vs. 𝜆 ℎ for values of 𝜆 ℎ higher than four, were close to the curve of the following
equation:

𝑤 =

.
(

)

ℎ cos 𝜃

For values of 𝜆 ℎ lower than four (frame is much stiffer than the panel), the value of

( 20 )

(cos 𝜃)

approaches a constant value of 0.45 as shown in Equation 21:
𝑤 = 0.45 ℎ cos 𝜃

( 21 )

In the above expressions, ℎ is the height of the frame, 𝜃 is the slope of the diagonal in the
infill, 𝜆 is the relative stiffness parameter presented in Equation 13. The authors suggested
using either the Equation 20 or 21, whichever is smaller.
Durrani and Luo (1994) did a finite element analysis to find the parameters that have the most
effect on infill-frames subjected to lateral loads. They analysed analytical models from
previous studies and calibrated them to develop an equation that calculates the width of the
equivalent strut. From the finite element analyses, they discovered the following:


as the thickness of the infill panel increased, the effective width of the
diagonal strut decreased;



the effective width of the structure at the initial stiffness was different than it
was at the ultimate load;



varying the stiffness of the columns increased the effective width of the panel;



the increase in the beam’s stiffness increased the effective width very slightly.
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Based on the results of finite element analyses, Durrani and Luo (1994) used the formula from
Mainstone (1974) and developed Equation 22 that calculates the effective width for the initial
stiffness of the infill:

( 22 )

= 𝛾 sin 2𝜃

where,
.

( 23 )

𝛾 = 0.32√sin 2𝜃

and

𝑚 = 6 (1 + 6 atan(

)/𝜋)

( 24 )

In the above expressions, ℎ is the storey height; 𝐸 is the modulus of the infill; 𝑡 is the thickness
of the infill; 𝜃 is the angle between the beam and the diagonal strut; 𝐼 and 𝐼 are the moments
of inertia of the column and the beam, respectively; ℎ and 𝑙 are the infill’s height and length,
respectively; and 𝐸

and 𝐸

are the modulus of the beam and the column, respectively.

Unlike Liauw and Kwan (1984), the authors concluded that the infill’s aspect ratio had the most
influence on the effective width of the diagonal compressive strut; a square panel led to the
largest strut width, which would decrease as the aspect ratio was further from the value of one.
Saneinejad and Hobbs (1995) found that a single infill-frame under diagonal loading up to the
peak load would not have a plastic collapse mechanism. However, a multi-storey infill-frame
structure may undergo a simple plastic collapse mechanism with plastic hinges at the loaded
corners, because the unloaded corners of one frame become the loaded corners in the other two
frames. Although a single infill-frame and a multi-storey structure may behave differently, the
diagram of moment distribution of the top beam on the loaded corners had little alteration, and
the infill panel’s behaviour in the two structures was quite similar. Because of this, the authors
proposed that a pin-jointed diagonal strut acting as a compression bracing system could replace
the infill. Additionally, the authors elaborated equations to calculate the value of the resistance
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of the equivalent strut depending on the two most common types of failure mode (corner
crushing or diagonal compression). Their method calculates the stiffness and strength of infillframes and the cracking load of the infill’s diagonal. It also accounts for elastic and plastic
behaviour, variations in infill panel’s aspect ratio, beam and columns with different strength
and stiffness values and it can include some structural inadequacies, such as shrinkage of the
infill panel and lack of fit. In previous tests and nonlinear finite-element analyses, Saneinejad
(1981, 1990) reached the following conclusions:


The interaction between the frame and the infill panel and the shear forces were
associated with the following equations:
𝐹 =𝜇 𝑟 𝐶

( 25 )

𝐹 =𝜇 𝑟 𝐶

( 26 )

where 𝐶 and 𝐶 are the peak normal forces at the column-infill and beam-infill
interface, respectively; 𝐹 and 𝐹 are the peak shear forces at the column-infill and
beam-infill interface, respectively; r is the aspect ratio of the infill panel (𝑟 =

< 1.0);

and 𝜇 is the coefficient of friction at the interface;


Before the structure reaches the peak load, there was a development of plastic hinges
at the loaded corners of the frame;



The frame was in an elastic state at peak load because there is limited frame
deformation (except at the loaded corners).
Saneinejad and Hobbs (1995) suggested the diagonal strut model illustrated in

Figure 10. The following equation was proposed for the cross-section area of the equivalent
strut, 𝐴 :

(

∝

)∝

𝐴 =

∝

∝

≤ 0.5

( 27 )

in which,

𝑓 =𝑓 1−

( 28 )
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where 𝑓 = 0.6Φ𝑓 and Φ = 0.65 and

𝑙

=

(1 −∝ ) ℎ

( 29 )

+𝑙

In the equations above, ∝

and 𝛼

are the normalised contact length of the column and

beam, respectively (contact length divided by the length of column or frame); 𝑡 is the
thickness of the infill; ℎ and 𝑙 are the height and the length of the frame, respectively; 𝜏 is
the beam-infill proposed uniform shear stress; 𝑓 is the effective (factored) compressive
strength of the infill; 𝑓 is the characteristic compressive strength of the concrete; Φ is the
strength reduction factor, 𝜃 is the angle of the infill diagonal with respect to horizontal; 𝑓 is
the permissible compressive stress of the infill in its central region; 𝑙

is the unsupported

length of the wall under diagonal compression or the effective length of the diagonal band; ℎ
is the height of the infill; and 𝑙 is the length of the infill.

Figure 10: Stability of the proposed diagonal strut (Saneinejad & Hobbs, 1995)
Chrysostomou and Asteris (2012) compared equations that calculate the equivalent strut width
for solid panels suggested in previous studies ((Hendry, 1990), (Mainstone, 1971), (Priestley
& Paulay, 1992), (Flanagan & Bennett, 1999) and (Stafford Smith & Carter, 1969)). They
concluded that the equation proposed by Mainstone (1971) provided a lower bound to the
equivalent strut width (and infill panel’s stiffness), and for an elastic condition, the equation by
Stafford Smith & Carter (1969) provided an upper bound, and that the equation by Hendry
(1990) varied between the two values for most aspect ratios. The authors presented a modified
version of the equation proposed by Mainstone (1971) to find the equivalent strut width, 𝑤 :
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𝑤 = 0.270(𝜆 ℎ)

.

𝑑

( 30 )

where 𝜆 is calculated by Equation 13, ℎ is the height of the frame and 𝑑 is the diagonal length
of the infill panel.
Crisafulli, Carr and Park (2000) stated that the use of one diagonal strut cannot appropriately
describe the internal forces generated in the member of the frame when cyclic or dynamic
loading is used. In this situation, at least two struts are needed in each diagonal to nearly
represent the effect of the masonry infill. The authors stated that the properties needed to define
a strut model are dependent on the type of analysis, whether it is linear elastic or non-linear,
and on the type of loading (monotonic, cyclic or dynamic). When a linear elastic analysis is
conducted, only the length and area of the strut and the modulus of elasticity are required to
calculate the elastic stiffness. If the non-linear behaviour of the material is taken into
consideration, the complete axial force-displacement relationship is needed. The problem
becomes more complex when there is cyclic or dynamic loading as the hysteretic behavior of
the material must be defined.
Klinger and Bertero (1976) developed three different hysteretic models to represent the
diagonal strut. One of these models was the first to include the non-linear response of infillframes; however, it showed poor agreement with experimental data.
Another hysteretic model was developed by Doudoumis and Mitsopoulou (1986) to be used in
non-integral infill-frames, i.e. they have a gap between the frame and the infill panel. The
envelope curve of their model considered the effect of strength degradation, and the hysteresis
cycles assumed that the reloading occurred following the elastic range of behaviour.
Chrysostomou (1991) modified a hysteretic model proposed by Soroushian, Obaseki, and Choi
(1988) for masonry shear walls and applied it to the diagonal strut. It combines two equations,
one to represent the strength envelope and another to represent the hysteretic loop, which were
used to derive the force-displacement relationship for the central and off-diagonal struts
proposed by Chrysostomou (1991).
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Additionally, Crisafulli (1997) defined the response of the equivalent strut through an
analytical formulation to simulate the hysteretic response, i.e. stress-strain relationship, of the
masonry. The model considers the nonlinear response of masonry in compression, small cyclic
hysteresis and the effect of contact in the cracked material, but several empirical parameters
are required in order to obtain an adequate response.
Papia, Cavaleri, and Fossetti (2003) reviewed the width of the equivalent strut by focusing on
the axial stiffness of the columns and not on their flexural stiffness as it was the usual practice
in previous studies. The study also analysed the influence of the bidimensional behaviour of
the infill panel by correlating the dimensions of the diagonal strut to the infill material’s Poisson
ratio. The authors solved the stiffness of the infill-frame by using the micro-modelling
approach (defined in Section 2.5), which they referred to as the “exact” procedure, and
compared it to the stiffness of the braced frame with the equivalent strut to determine the strut
width. The authors considered the panel to be made of a homogenous and isotropic material.
Papia et al. (2003) also used the literature to define the parameter 𝜆∗ that depends on the elastic
and geometric properties of the infill-frame, and that can be correlated to

, where 𝑤 is the

width of the equivalent strut and 𝑑 is the length of the infill’s diagonal. The value 𝜆∗ is given
by:

𝜆∗ =

( 31 )

+

where 𝐸 and 𝐸 are the Young’s modulus of the infill panel along the diagonal direction and
of the concrete used for the frame, respectively; 𝑡 is the thickness of the infill; 𝐴 and 𝐴 are
the cross-sectional areas of the column and the beam, respectively; and ℎ and 𝑙 are the height
and the length of the frame, respectively.
The authors performed a numerical analysis to validate the role of 𝜆∗ in the proposed approach.
The analysis was done considering two aspect ratios for the infill, 1 and 1.5, and they used four
different values for the Poisson’s ratio, 0, 0.15, 0.30, 0.45, and they were able to find
correlations between

and ∗ . The numerical investigation showed that the following

expression could define the values of

:
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=

( 32 )

( ∗)

where,

𝑐 = 0.249 − 0.0116𝑣 + 0.567𝑣

( 33 )

𝛽 = 0.146 + 0.0073𝑣 + 0.126𝑣

( 34 )

𝑧=

1

𝑖𝑓 = 1

1.125

𝑖𝑓 = 1.5

( 35 )

In the above expressions, 𝑣 is the Poisson’s ratio of the infill material and 𝑧 is a parameter
that depends on the aspect ratio of the infill. For guidance on defining the values of 𝑣 and 𝐸 ,
one can refer to the study done by Cavaleri et al. (2014).

The authors compared the values for

that were found using three different approaches:



the "exact" procedure;



Equation 32; and



the value found by Stafford Smith (1966).

The first and second approach had the same values for

, which were different from the ones

obtained with Stafford Smith (1966). The authors suggested that this similarity showed the
reliability of using ∗, but no comparison was made with the experimental results.
In equations from previous studies that calculate the equivalent strut width, the effect of vertical
loads acting on the frame was acknowledged but not quantified. Amato et al. (2008) used the
study of Papia et al. (2003) to suggest a new expression for the width of the equivalent strut
that can account for the vertical load acting on the columns of an infill-frame. The authors
proposed an expression to calculate the stiffness of the equivalent braced frame, 𝐷 , as:

𝐷 =

+ 24

1 − 1.5 3

+2

( 36 )
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where ℎ and 𝑙 are the height and length of the frame, respectively; 𝐼 and 𝐼 are the moments
of inertia of the columns and beam, respectively; 𝜃 is the angle of the infill’s diagonal with
respect to the horizontal, 𝐸 is the Young modulus of the frame; and 𝑘 , 𝑘 , and 𝑘 are the
axial stiffness of the equivalent strut, the beam and the column, respectively and are given by:

;𝑘 =

𝑘 =

;𝑘 =

( 37 )

where 𝐸 is the Young Modulus of the infill along the direction of the diagonal. They modified
Equation 32 to include a new parameter, 𝑘, which is a coefficient that takes into account the
effect of the vertical load. The coefficient 𝑘 depends on the level of mean deformation of the
columns after the infill panel is built,  . The new equation that calculates

=𝑘

is given by:

( 38 )

( ∗)

in which,
𝑘 = 1 + (18𝜆∗ + 200)𝜀

( 39 )

and the dimensionless parameter 𝜀 is

( 40 )

𝜀 =

In the expression above, 𝐺 is the vertical load acting on the infill-frame; 𝐴 is the area of the
column; 𝜆∗ is calculated using Equation 31; and 𝑐 and 𝛽 are calculated using Equations 33 and
34, respectively. The authors also modified slightly the equation provided for the parameter 𝑧,
which now can include a wider variety of aspect ratios, given by Equation 41:

𝑧 = 1 + 0.25

− 1 , where 1 ≤

≤ 1.5

where 𝑙 and ℎ are the height and length of the infill panel, respectively.

( 41 )
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Amato et al. (2008) performed tests on infill-frames to find their lateral stiffness and compare
it to the one provided in the expressions above. The authors tested single-bay single-story RC
frames with three different types of infill panel material (calcarenite, clay tile and lightweight
concrete) to measure their lateral stiffness and compare to the suggested equation. Two infillframes were constructed for each type of infill material, and they were under a constant vertical
load and increasing static lateral force. The authors concluded that the proposed method gave
good results for lateral stiffness in comparison to that of the experiment as their difference was
less than 10% for all cases. All of the infill panels tested had the same aspect ratio of 1, and it
should be noted that the infill's aspect ratio needs to fall between the range of 1 and 1.5 so this
method can be applied appropriately.
The studies by Chen (2003) and Chen and Iranata (2008) as reported by Amalia and Iranata
(2017) proposed equations to determine the width of the equivalent strut based on simulation
research and experimental data. The width of the equivalent strut, 𝑤 , is given by:

( 42 )

𝑤 =

where

𝜆=

+ 𝜈

+ 2+ 𝜈

+ 2+ 𝜈

( 43 )

In the expression above: ℎ and 𝑙 are the height and length of the infill, respectively; 𝑑 is the
length of the diagonal of the infill; 𝜃 is the angle of the diagonal with respect to the horizontal;
and 𝜈 is the Poisson’s ratio of the infill material.
Turgay et al. (2014) reviewed existing guidelines that estimate stiffness, strength and
deformability of infill-frames by applying them to a database of 51 experiments from 24
different studies. They concluded that none of the approaches studied was able to calculate the
stiffness appropriately, so they proposed an expression for this purpose, and they found that it
estimated well the stiffness of the selected infill-frames. The authors found that the code
Masonry Standards Joint Committee (MSJC) (2011) estimated well the strength; therefore, no
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expression was proposed for the strength and it was suggested that this approach should be
used. The authors changed slightly the original equation proposed by Stafford Smith (1966) for
the value of 𝜆 . The one change made to the expression is the substitution of the modulus of
elasticity of masonry, 𝐸 , by the equivalent modulus of elasticity, 𝐸 , which accounts for the
effect of plaster when it is added to the infill-frame. There was also some modifications that
were made to the strut width expressions proposed by Mainstone (1971). The equivalent strut
model expressions suggested by the authors to be used in finding the stiffness of infill-frames
are:

= 0.18 (𝜆 ℎ)

.

( 44 )

where

𝜆 =

( 45 )

and

𝐸

=

𝐸 = 850𝑓′

( 46 )
( 47 )

In the expression above: 𝑤 is the width of the equivalent strut; 𝑑 is the length of the infill’s
diagonal; ℎ and ℎ are the height of the frame and infill, respectively; 𝜃 is the angles of the
infill’s diagonal with respect to the horizontal; 𝐼 is the moment of inertia of the columns; 𝐸
and 𝐸 the moduli of elasticity for the masonry and the plaster, respectively; 𝑡 and 𝑡 are the
thickness of the masonry wall and the plaster, respectively; 𝑡 is the thickness of the infill panel,
which in this case is the sum of 𝑡 and 𝑡 ; and 𝑓′

is the compressive strength of masonry.

Campione et al. (2015) stated that not taking into account the vertical loads could only be
considered a conservative option when a single frame is being analysed. When analysing multibay multi-storey frames that have non-uniform load distribution, neglecting the vertical load
effect may not be very conservative because the different stiffness and strengths in the structure
may cause soft-storey and torsional effects. The authors used finite element micro-modelling
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of infill-frames under horizontal and vertical loads along with contact surface elements to
validate the analytical curves provided by Amato et al. (2008) that correlate

with ∗ for

different values of 𝑣 , 𝜀 and different aspect ratios (1.0 and 1.5). They found that for the
infill-frames analysed through FEM in their study, the correlation between the two parameters
was in good agreement with the curves provided in previous research.
Asteris et al. (2016) reviewed the models proposed by Papia et al. (2003) and Amato et al.
(2008) to develop an expression for the width of the equivalent pin-jointed diagonal
compressive strut that can account for both the vertical load and openings in the infill. It is
noteworthy that the study of the effect of openings in the infill panel is beyond the scope of
this thesis; however, because the proposed will be discussed here because it is not exclusive to
infill panels with openings. The expression developed by the authors to calculate the effective
width of the equivalent strut,

= 𝑟′𝑘

, is:

( 48 )

( ∗)

where 𝑟′ is the reduction factor considering the openings in the infill panels and is given by the
following expression:
𝑟′ = 1 − (𝜉)

.

+ (𝜉)

.

( 49 )

in which 𝜉 is the opening ratio of the infill panel and is equal to 0 if there is no opening. The
parameter 𝛾 is given by:

𝛾 =1+

.

( 50 )

If there is no opening in the infill, 𝜉 is 0, and that consequently means that 𝑟′ is equal to 1. Then
the expression given by Equation 48 can be rewritten as:

=𝑘

( ∗)

( 51 )

Once the value for 𝑤 is known, the authors suggest using the following expression for the
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lateral stiffness of the simplified model, 𝐷 :

𝐷 =

+ 24

1+

( 52 )

which is slightly different from Equation 36 proposed by Amato et al. (2008). In the
expressions above: ℎ and 𝑙 are the height and length of the frame, respectively; 𝐼 and 𝐼 are
the moments of inertia of the columns and beam, respectively; 𝜃 is the angle of the infill’s
diagonal with respect to the horizontal, 𝐸 is the Young modulus of the frame; where ℎ and 𝑙
are the height and length of the infill, respectively; the values for 𝑘 , 𝑘 and 𝑘 are obtained
according to Equation 37; the value for 𝜆∗ is obtained according to Equation 31, the values for
𝑐 and 𝛽 are obtained according to Equations 33 and 34, respectively; and 𝑘 is calculated with
Equation 39.
2.4.2.

Multiple-strut models

Many studies (Saneinejad and Hobbs (1995), Reflak and Fajfar (1991), Buonopane and White
(1999)) reached the conclusion that one strut element was unable to model the complex
behaviour of infill-frames. A diagonal strut that connects the top loaded corner of the frame to
its opposite corner cannot appropriately represent the shearing forces and bending moments of
the infill-frame, and the effect of the contact area needs to be considered. Considering this,
authors started proposing strut models that were more complex and had more than one strut.
Thiruvengadam (1985) was one of these authors. He proposed a model that consisted of a
moment-resisting frame and a high number of pin jointed diagonal and vertical struts. The
objective of the author was to obtain a realistic evaluation of the natural frequencies and modes
of vibration of infill-frames. Chrysostomou (1991) and Chrysostomou, Gergely, and Abel
(2002) accounted for the stiffness and strength degradation of the infill in order to obtain the
response of the infill-frame under earthquake loading. These studies suggested that six
compression-only diagonal struts, three in each direction, should represent the infill. The
hysteretic behaviour of the struts are obtained through the two equations of a hysteretic model,
one that defines the actual hysteretic behaviour, and another that defines the strength envelope
of the structural element.
El-Dakhakhni et al. (2003) proposed a simple method to calculate the stiffness and the ultimate

P a g e | 39
load capacity of steel frames with a masonry infill that fails in corner crushing mode. They also
used the concept of contact length to find an appropriate strut model for steel frames with
masonry infill. The contact lengths confine the panel and allow it to carry more loads before
the ultimate failure. To be able to model the behaviour of the contact lengths as soon as the
panel starts to crack diagonally, they suggested the panel to be made of two diagonal regions.
One of the regions connects the top beam to the leeward column, and the other connects the
lower beam to the windward column (Figure 11). The authors suggested the use of a diagonal
strut from corner to corner of the panel with an additional two off-diagonal struts located at the
points of the maximum moment in the beam and column. They also suggested that this multiple
strut model would allow for the interaction between panels if used in a multi-storey building.

Contact lengths

Diagonal crack

Lateral
Force
Region 1
Region 2

Contact lengths
Figure 11: Separation of the infill panel in two diagonal regions (El-Dakhakhni et al., 2003)
The authors use the nonlinear FE analyses of infill-frames suggested by Saneinejad and Hobbs
(1995) to develop their three-strut model. Some simplifications were made regarding the
friction between the steel frame and the masonry, which they neglected. They also neglected
the panel’s aspect ratio because it would have minimal values in the formula. They made
simplifications in the formula proposed by Saneinejad and Hobbs (1995) that calculates the
area of a single strut by considering the equivalent uniform shear stress on the beam-infill
interface to be zero because it depends on the neglected value of friction between the steel and
masonry. Additionally, the effect of the biaxial state of stress in this infill panel’s corners was
not considered for simplicity. With all the considerations noted above, they proposed a formula
for the total area of the struts, 𝐴 , that is:
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𝐴 =

(

where 𝛼

)

( 53 )

is the normalised contact length of the column (column contact length divided by

the length of the column); ℎ is the height of the frame; 𝑡 is the thickness of the infill and 𝜃 is
the angle of the infill’s diagonal with the horizontal. As illustrated in Figure 12, area 𝐴 is
divided between the three struts; the middle strut has half the amount of 𝐴 while the other two
additional struts have a quarter each.
𝛼 𝑙

A2=𝐴 /2

𝛼 ℎ

column

beam-column joint

A1=𝐴 /4

A1=𝐴 /4
beam

ℎ
𝜃

𝑙

Figure 12: The proposed strut-model for a steel frame with masonry infill (El-Dakhakhni et
al., 2003)

The authors considered the normalised contact length of the columns and beam, 𝛼

and 𝛼 ,

respectively, to be given by:

𝛼 ℎ=
𝛼 𝑙=

where 𝑀

(

(

.

.

)

)

≤ 0.4ℎ

( 54 )

≤ 0.4𝑙

( 55 )

is the minimum moment of capacity of the beam, column or their connection;

𝑀 and 𝑀

are the plastic moment capacities of the beam and column, respectively; ℎ and 𝑙

are the height and length of the frame, respectively; 𝑡 is the thickness of the infill panel; and
𝑓

and 𝑓

respectively.

are the strength of the masonry parallel and perpendicular to bed joints,
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Crisafulli and Carr (2007) proposed a multi-strut model to represent the masonry wall within a
frame that can be applied to analyse the global response of the structure. First, they suggested
a strut model that accounts for the crushing of the masonry at the corners of the panel, which
they mention is uncommon for RC infill-frames. However, the primary focus of their study
was on a multi-strut model to represent the two types of failures that occur more often in RC
infill-frames, shear failure along the mortar joints and diagonal tension failure. The model is a
four-node panel element, and it is connected to the frame at the four corners. The model has
two parallel diagonal struts with the same area to be able to consider the compressive behaviour
of the panel. A shear spring was also implemented in each direction between the parallel struts
to account for the shear behaviour of the masonry, as illustrated in Figure 13. The authors
believe that this type of model can take into account the lateral stiffness and the strength of the
panel properly. One of the limitations of the model is not to be able to estimate the bending
moment and the shear forces in the surrounding frame appropriately.

Figure 13: The multi-strut model proposed by Crisafulli and Carr (2007) (ℎ is the vertical
separation between the two diagonal struts)

The equation created by Crisafulli and Carr (2007) to calculate the stiffness of the shear spring,
𝑘 , which is a fraction, 𝛾 , of the total stiffness of the masonry strut is given by:

𝑘 =𝛾

𝑐𝑜𝑠 𝜃

( 56 )

where 𝐴 is the total area of the equivalent strut, 𝐸 is the modulus of elasticity of masonry, 𝑑
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is the diagonal length of the panel and 𝜃 is the angle of the diagonal with the horizontal. The
value 𝛾 varies from 0.5 to 0.75, depending on the results obtained during the model’s
calibration.
The authors also elaborated a formula for the axial stiffness of each strut, 𝑘 , which considers
the remaining fraction (1 − 𝛾 ) of the total stiffness of the model.

𝑘

=

(

)

( 57 )

where 𝐸 represents the tangent modulus of elasticity of the masonry which is defined in
agreement with a suitable hysteretic model for the material. They assumed that the area of the
equivalent strut varies as a function of the axial displacement, ∆ , i.e. the area of the strut
decreases when the lateral displacement of the structures increases because there is a reduction
of the contact length in the panel-frame interface due to cracking of the infill. The criterion

Strut area

used by the authors is illustrated in Figure 14.

At2

At1

∆ a2

∆ a1

Axial displacement

Figure 14: The variation of the strut area considered in the model (Crisafulli & Carr, 2007)
The authors used the equation that calculates the contact length between panel and frame, 𝛼,
from Stafford Smith (1966) to define the vertical separation between the two diagonal struts,
ℎ , which varies between half and one-third of the contact length. Experimental tests were
conducted to validate the proposed model under cyclic loads, and it was found that the force
level at which shear cracking occurred was in good agreement with that of the analytical model.
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Zhai et al. (2011) used the research done by El-Dakhakhni et al. (2003) and Saneinejad and
Hobbs (1995) to develop a slightly modified three-strut model. The authors noted that using a
three-strut model, instead of a single strut model, was an improved representation of the
stressed area inside the infill, and made it easier to model the progressive failure that occurred
around the corner of the frame with a three-strut model. They stated that this improved strut
model is necessary because the model proposed by El-Dakhakhni et al. (2003) determines the
width of the diagonal strut based on the ultimate state, which means that the model of ElDakhakhni et al. (2003) underestimates the infill’s behaviour considering that the contact
length and width of the strut decrease as the lateral load increases. Therefore, the authors of
this study considered that the area of the middle strut remains the same throughout the analysis,
but the area of the outer struts are decreasing gradually, and would eventually reach the value
of 0 in the ultimate state. To apply this change to their model, they considered that the outer
struts have half of their initial areas, which means their area is 𝐴 = 𝐴 /4, and the middle strut
has an area of 𝐴 = 𝐴 , being 𝐴 the total area of the diagonal strut. The authors used the
Equations 28, 29 and 30 provided by Saneinejad and Hobbs (1995) to define the equivalent
area of the diagonal strut. Figure 15 illustrates that they also considered the contact length to
be 1.5 times the value of the ultimate contact length, 𝛼 𝑙 and 𝛼 ℎ, but not higher than 0.4𝑙
and 0.4ℎ, respectively.
Zhai et al. (2011) applied their model to infill-frames that have been previously tested
experimentally, namely Specimen 6 and 7 of Mehrabi (1994), for validation purposes. The
main difference between the two specimens is that Specimen 6 had a hollow brick infill and
Specimen 7 had a solid brick infill. The three-strut model proposed here captured well the
nonlinear behaviour of the infill-frame; however, it is important to note that the two infillframes have the same aspect ratio and only these two specimens were used to verify this study.
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Figure 15: Proposed three-strut model (Zhai et al., 2011)
Fiore, Netti, and Monaco (2012) aimed to propose a simple analytical tool that can represent
infill-frame structures and capture both the global behaviour and the local effects on the frame
subjected to earthquake loads. The authors performed FE analyses on different types of
reinforced concrete structures with infill panels to develop a macro-model (defined in Section
2.5) that can be applied to infill-frames. In the models, the uppers levels had infill panels while
the first story did not (soft story). The masonry material had two different moduli of elasticity
in the x and y direction, and it was considered to be a homogeneous anisotropic material.
The study uses an expression from a past study (Amato et al., 2008) that had the objective of
calculating the width of the equivalent diagonal strut of an infill-frame. The equation was
designed for a single pin-jointed diagonal strut, but the authors in this study modified the
position and number of struts. They designed a double-strut model, which was based on the
two-parallel strut approach proposed by Crisafulli et al. (2000); however, Figure 16 illustrates
that they have made the struts not parallel. The width calculated from the equations by Amato
et al. (2008) were distributed equally between the two struts.
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Figure 16: Two-strut model proposed by Fiore et al. (2012)
Fiore et al. (2012) proposed equations to calculate the location of the struts in the panel, which
depends on the aspect ratio of the infill. The locations of the struts on the frame were chosen
according to the points of application of the stress resultants on each side of the panel. The
equations change slightly if the double-strut model is on the first or upper levels. The following
expressions give the locations of the Strut 1 (numbered as per Figure 16) if the infill panel is
on the first level:

= 0.10834

+ 0.0073414

= 0.48689

+ 0.16302

.

( 58 )

and the following expressions give the location of Strut 1 if the infill panel is on the upper
levels:

= 0.11609
= 0.56509

+ 0.0061624
+ 0.1287

.

( 59 )

The following expressions give the locations for the Strut 2 (numbered as per Figure 16) if the

P a g e | 46
infill panel is on the first level:

= 0.157621

.

+ 0.084484
.

= 0.408621

( 60 )

.

+ 0.44431

and the location is given by the following expressions if the infill panel is on the upper levels:

⎧
⎨
⎩

= 0.1025
= 0.312751

.

+ 0.046736
.

+ 0.467931

.

.

𝑒
.

( 61 )

where ℎ and 𝑙 are the height and length of the infill, respectively, and 𝑑 , 𝑑 , 𝑏 , and 𝑏 are
the positions of Strut 1 and 2 on the frame as illustrated in Figure 16.
Fiore et al. (2012) compared the results of a three-story one-bay FE micro-model with that of
double-strut and single-strut models. They found that the double-strut models had more
accurate results in terms of stresses, shear forces and bending moments than the one-strut
models. The one-strut models also did not estimate the deformation of the beam in the structure
accurately. The authors noted that the expressions provided should be applied with infill panels
that have an aspect ratio up to 2:1.
Fiore et al. (2012) also performed five FE analyses on a five-story building (bare first level)
that was symmetrical in both directions and had four bays in the longitudinal direction and two
bays in the transversal direction. In these analyses, different approaches were taken to represent
the infill panel: two bare structures with different periods; one double-strut model as proposed
by the authors; and three different single-strut models, width calculated as 𝑤 =

, width

calculated according to FEMA 356 (2000), and width calculated according to Amato et al.
(2008). In terms of displacement, the bare frame models did not perform well, especially in the
longitudinal direction, as they did not have a similar stiffness to the real structure. When
comparing the bending moments of one of the outer columns, there was no significant
difference between the one-strut and double-strut models. However, when comparing the shear
forces in the beam and column, only the two-strut model was able to capture the shear force

P a g e | 47
increase near the node because of the interaction between the frame and the infill. The ability
to capture the shear forces more accurately seems to be the main advantage of the proposed
strut model.
During the construction of masonry panels, there is usually a gap between the top of the infill
panel and the surrounding frame. When this gap exists, the structure is named as a non-integral
infill-frame because the frame and infill panel are not bonded together. Le Dinh, Bui, and
Nguyen (2015) proposed a multi-strut model to include the effect of gaps in infill-frames in a
macro-model analysis. To create this model, they used the formulas of an equivalent one-strut
model in which they decomposed the columns and beam of the frame in three different
members, and they considered the masonry infill as a Winkler elastic foundation. The result
was a one-strut model with three segments and two widths, one at the corners (𝑊 ) and one at
the middle (𝑊 ) of the diagonal (Figure 17).
𝛼
𝐹+1
𝛼
ℎ′

ℎ

𝐹
𝑙
𝑙

Figure 17: Equivalent mono-strut model (Le Dinh et al., 2015)
Sequentially, they created a multi-strut model (Figure 18) that uses a non-linear static analysis
with concentrated plastic hinges. The width of the compressive strip in the multi-strut model
(𝑊

) is determined by:

𝑊

= 0.5( 𝑊 + 𝑊 )

where,

( 62 )
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( 63 )

𝑊 =

𝑊 =

+

tan ∅ 𝑙

ℎ

(

)

+

(

)

( 64 )

In the expressions above: 𝑙 and ℎ are the length and height of the infill, respectively; 𝛼 is
the contact length between the column and the infill; 𝛼 is the contact length between the
beam and the infill; and ∅ is the force transfer angle of the masonry infill.
𝛼
𝐹+1

𝐹+1

𝛼

𝐹

𝐹

Figure 18: Equivalent multi-strut model proposed by Le Dinh et al. (2015) (𝑃 is the lateral
force acting at frame joints)

To include the slenderness ratio in this model, the width of the equivalent strut needs to satisfy
the equation of the effective width, 𝑊

𝑊

,

=𝜆 𝑊

,

, given by:
( 65 )

where

𝜆 =

(

)

( 66 )

In the expressions above: 𝐸 is the Young’s modulus of the Autoclaved Aerated Concrete
(AAC) masonry; 𝑓′

is the prism strength of the AAC masonry; 𝑡 is the thickness of the

masonry; 𝑙 is the span of the frame; ℎ is the height of the frame, and 𝜆 is the out-of-plane
influence factor.
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To validate the macro-model results, Le Dinh et al. (2015) used reinforced concrete frames
infilled with AAC blocks for their experimental tests. There were three types of specimens: an
integral infill-frame (no gap at the top of the panel), 𝐾 , a non-integral infill-frame (with a gap
of 20 mm at the top of the panel), 𝐾 , and a bare frame, 𝐾 , and a cyclic load was applied to
the three types of structures. The results from the tests were the following:


the specimen without the gap had a greater lateral load capacity than the infillframe with gap by 20%;



𝐾 had greater lateral stiffness than 𝐾

(20%) and a smaller drift at the cracking

of the masonry (60%);


both 𝐾 and 𝐾

had masonry infill failure due to partial crushing, especially at

the corners;


the load at cracking of the masonry and at cracking of the frame for 𝐾 had similar
values to the experimental tests;



the analytical model had a greater stiffness than the experimental one because it
did not account for the partial response of the masonry panel corners, which
resulted in a smaller crack value in the analysis.

Based on the force-displacement graph of the specimens, the authors observed that the infillframes could be considered elastic before cracking of the masonry panel, near inelastic before
the cracking of the RC frame and inelastic after the cracking of the infill panel and the
surrounding frame. Although this study was very focused on only one type of masonry, ACC
blocks, the multi-strut model estimated with reasonable precision the load values of cracking
of the masonry and cracking of the frame, and it captured the nonlinear behaviour of the infillframe adequately.
More recently, Sattar and Liel (2016) proposed a strut model enhanced with the finite element
method to simulate the two-dimensional in-plane seismic response of RC infill-frame up to the
ultimate failure. In the proposed model, illustrated in Figure 19, the infill panel was modelled
as pairs of struts with nonlinear force-displacement backbones, which was predicted by the
application of a monotonic in-plane lateral load. According to the authors, that was the primary
purpose of the finite element model, to develop properties for the strut design.

P a g e | 50

Figure 19: Proposed strut-model enhanced by finite element analysis (Sattar & Liel, 2016)
The authors compared the experimental results of the infill-frame with that of the enhanced
strut model in terms of three criteria:


the strength and stiffness of an infill-frame: 15% difference between the peak
strength from the strut model and the experimental results;



the drift value at which the column failed by shear: in the experiment that
experienced shear failure, it occurred at a drift value 5% higher than in the strut
model;



the column shear diagrams: the results from the strut model were similar to the
finite element model and indicated that the shear response of the column in the
strut model could capture the most significant trends.

According to Noh et al., 2017 the proposed model cannot properly capture the interaction
between the frame and the infill panel that may cause shear failure at the beam-column joint or
the bottom of the columns.
2.4.3.

Design codes

Kaushik, Rai, and Jain (2006) created a very comprehensive document on how design codes
around the world approached the seismic design of reinforced concrete frames with masonry
infill; however, design codes are continually being created or updated, and much of the
information given by the authors in 2006 is now outdated. Therefore, a summary has been made
on how some new design codes approach the modelling of infill-frames.
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2.4.3.1.

American Society of Civil Engineers - Seismic Evaluation and

Retrofit of Existing Buildings: ASCE Standard ASCE/SEI 41-13
According to the most recent American Standard ASCE 41-13 (American Society of Civil
Engineers, 2014), the expression for calculating the in-plane stiffness of the masonry infillframe is not based on the width of the equivalent diagonal strut. Instead, it assumes that the
infill-frame is a composite cantilever column, in which the columns of the frame are the
flanges, and the masonry infill is the web of the column. However, the standard does mention
the possibility of strut models and gives examples of the possibilities as shown in Figure 20.
The code also warns that strut models should be used with caution to simulate the behaviour of
infill-frames as a change in strut location can have a significant effect on the results.

Figure 20: Concentric (left) and eccentric (right) struts in the Equivalent Strut Method
(American Society of Civil Engineers, 2014)

ASCE 41-13 (American Society of Civil Engineers, 2014) provided formulas to find the
expected shear strength and compressive strength of the infill. One diagonal strut can replace
the infill panel to estimate the compressive strength value if its aspect ratio is smaller than 1.5.
If the aspect ratio is larger, then two diagonal struts are used, and they are positioned as the
struts in Figure 21. The code also provided an equation to calculate the bearing compressive
strength of the infill material, 𝐹𝑚𝑐 , given by:

𝐹𝑚𝑐 = 𝑓′𝑐𝑚

ℎ𝐼
3

𝑡

( 67 )
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where 𝑓′

is the compressive strength of the masonry,ℎ and 𝑡 are the height and the thickness

of the infill panel, respectively. ASCE 41-13 (American Society of Civil Engineers, 2014)
suggests using 𝐹

as a maximum value for the force that the infill panel can bear and

comparing it to the diagonal force that each strut carries. If the diagonal force is lower than the
bearing strength, this means that the infill panel can transfer the force that was calculated.
However, if the diagonal force is high, then the lateral resistance of the infill panel should be
adjusted to a lower value.

Figure 21: Strut model proposed by Stavridis (2009) for infill-frames with high aspect ratio
(American Society of Civil Engineers, 2014)

2.4.3.2.

Canadian Standards Association (CSA S304-14)

The Canadian Standards (CSA S304-14, 2014) also suggest the use of the equivalent diagonal
strut approach in the design of masonry infill-frames. The width of the diagonal strut, 𝑤 ,
adopted by this design code is based on the method proposed by Stafford Smith and Carter
(1969) and is given by:

𝑤 =

𝛼 +𝛼

( 68 )

where 𝛼𝑏 and 𝛼𝑐 are the vertical and horizontal contact length between the frame and the beam
and column, respectively. The contact lengths of the infill-frames are defined as:

𝛼𝑏 = π

4

4𝐸𝑓 𝐼𝑏 𝑙𝐼
4𝐸𝐼 𝑡𝑒 sin 2

( 69 )
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4𝐸𝑓 𝐼𝑐 ℎ𝐼

𝜋4

𝛼𝑐 = 2

( 70 )

4𝐸𝐼 𝑡𝑒 sin 2

where 𝑡𝑒 is the masonry infill’s effective thickness (without gaps); 𝐸𝑓 and 𝐸𝐼 are the elastic
modulus of the frame and infill, respectively; 𝐼𝑐 and 𝐼𝑏 are the moments of inertia of the column
and beam, respectively; ℎ and 𝑙 are the height and length of the infill panel, respectively;
ℎ

and 𝜃 = tan−1 𝑙 𝐼.
𝐼

According to the Canadian code (CSA S304-14, 2014), when calculating the capacity of the
equivalent diagonal strut in compression, the effective diagonal strut width, 𝑤
used. The code states that the value for 𝑤

, should be

is 0.5𝑤 and it must be less than one-quarter of

the infill’s diagonal length. When using the equivalent strut method to calculate the stiffness
of the infill-panel, the effective width of the strut needs to be reduced further by a factor of 0.5.
2.4.3.3.

New Zealand Society for Earthquake Engineering (NZSEE) –

Seismic Assessment of Existing Buildings
Both the NZSEE Guidelines (2017) and ASCE 41-13 (American Society of Civil Engineers,
2014) mention that the work done so far to determine strut properties is not enough to establish
one strut model to be applied to all infill-frames. It further suggests that a strut model should
be selected on a case-by-case basis and that the strut locations can have a significant effect on
the results.
The NZSEE Guidelines (2017) suggests replacing the infill panel with one single strut of width,
𝑤 , given by Turgay et al. (2014) to calculate the in-plane stiffness of the infill panel before
cracking occurs. The width of the equivalent strut, 𝑤 , is given by:
𝑤 = 0.18(𝜆 ℎ)
𝜆 =

.

𝑑

( 71 )
( 72 )

where ℎ and ℎ are the height of the frame and the infill, respectively; 𝑑 is the diagonal length
of the infill panel; 𝐸 and 𝐸 are the modulus of elasticity of the material of the infill panel and
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the frame, respectively; 𝑡 is the thickness; 𝐼 is the second moment of area of the column’s
section; and 𝜃 is the angle of the infill panel’s diagonal with respect to the horizontal.
2.4.4.

Accuracy of strut models

Liberatore et al. (2017) applied five strut models, which consider different failure modes, to a
dataset of 162 experimental tests of infill-frame systems. The objective of the study was to
evaluate the efficacy of the following strut models:


Decanini and Fantin (1987);



Priestley and Paulay (1992) and Priestley and Calvi (1991);



Saneinejad and Hobbs (1995);



FEMA 306 (1998);



Panagiotakos and Fardis (1996).

The dataset had 116 RC infill-frames, 39 confined masonry structures (frame constructed after
the infill) and seven steel infill-frames. The selected specimens had infill panels with both
hollow and solid bricks. The specimens in the dataset were subjected to both monotonic and
cyclic horizontal loads, and some specimens were subjected to pseudo-dynamic and dynamic
tests.
The authors found that the strut model proposed by Priestley and Paulay (1992) and Priestley
and Calvi (1991) provided a reasonable estimate of the lateral strength of the infill panel within
the steel specimens, and the models proposed by Decanini and Fantin (1987) and Panagiotakos
and Fardis (1996) were the most reliable for RC infill-frame and confined masonry. However,
none of the selected strut models was able to predict the stiffness of the specimens
appropriately. The stiffness was calculated as the elastic stiffness of an equivalent bilinear
system, which was obtained through the energy equivalence criterion up to the ultimate lateral
load. The authors concluded that it is difficult to rely on strut models because of the high
variation of the infill-frame material and the vast number of parameters that have to be
considered.
Mohyeddin et al. (2017b) applied four well-known equivalent strut models from the literature
(Holmes (1961); Crisafulli and Carr (2007) with the total strut width calculated by Holmes
(1961); Liauw and Kwan (1984); and Chrysostomou (1991) with the total strut width by
Chrysostomou and Asteris (2012)) to Specimen 8 and 9 (Mehrabi, 1994). For both specimens,
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the three-strut model by Chrysostomou (1991) gave the best results out of the four models;
however, the ultimate load of Specimen 9 predicted by this strut model was much higher than
what was measured in the experiment.
The authors also created strut models for Specimen 8 and 9, where the geometric properties of
the strut were obtained through the measurement of the load paths (seen through the contours
of the compressive principal stresses) that develop in the infill panel of a detailed FE model.
For Specimen 8, the struts were measured at 0.25% and 0.63% drift, and an average of the two
values was also created. For Specimen 9 the same was done at 0.17% and 0.72% drift, as well
as an average of both values. The strut models proposed for Specimen 8 and Specimen 9,
obtained at 0.63% and 0.72% drift, respectively, had the most similar force-drift curves to that
of the experiment, and their results were more accurate than any of the four strut models
proposed in the literature.
In more recent studies, Mohyeddin et al. (2017a) applied a wider range of well-known strut
models from the literature to Specimen 8, 9 and 11 (Mehrabi, 1994). The strut models were:


Holmes (1962);



Stafford Smith (1962): two strut width equations (square and rectangular infillframes);



Mainstone (1971): two strut width equations (ultimate strength and stiffness);



Paulay and Priestley (1992);



Liauw and Kwan (1984);



Durrani and Luo (1994);



El-Dakhakhni et al. (2003);



Strut location by Chrysostomou (1991) with strut area by Chrysostomou and
Asteris (2012).

In this study, the single strut model proposed by Durrani and Luo (1994) had the most similar
force-drift curve to the experiment when it was applied to Specimen 8. For Specimen 9 and 11,
the most similarities between the force-drift curves were noticed when the single strut model
developed by Stafford Smith (1962), in which the width of the strut is the diagonal length
divided by eleven, was applied. These results further show that one strut model cannot be
applied to all infill-frames because a single strut model could not provide adequate results for
all three specimens.
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2.5.Finite element analyses of infill-frames
Mallick and Severn (1967) reviewed previous methods for calculating the stiffness of infillframes and used the finite element method to improve shortcomings of the literature. These
improvements focused on finding solutions for laterally loaded rectangular and squared frames,
taking the slip between the frame and the infill panel into account and assuming the length of
contact and contact stress as an integral part of the solution. The authors included these
improvements in their models using the finite element method and taking into account the nonlinear behaviour of the structure. However, they still did not consider the axial deflections of
the frame, which can significantly affect the structure’s behaviour.
Mallick and Severn (1967) did experiments to investigate the presence of slip in an infill-frame.
In one of these, they made two single-story steel frames with Kaffir-D plaster infill, which is a
material that expands a little after setting and fits well inside the frame. The only difference
between the two frames was that one had shear connectors welded on the inside of the frame
and the other one did not. Both frames were loaded horizontally at the top beam, and the beam’s
deflection was measured. The results revealed that the stiffness of the infill-frame increases
when the shear connectors reduce the slip. In the structure without shear connectors, three types
of behaviour were observed as the load-deflection curve increased. In the first region, where
the stiffness is the highest, the infill-frame behaved as one structure, and there was no
separation at the interface between the frame and the infill. Through the analysis of previous
studies on infill-frames, it was observed that the highest load in this region was frequently onethird of the ultimate lateral load and it was when the first crack or crushing start to appear. The
second behaviour was characterised by the separation of the frame and the infill. It was
observed that by increasing the length of contact, the frame’s stiffness increased. When
considering the use of the equivalent strut approach, this showed that the width of the strut
would increase as the frame stiffness increases. The third and last region of the curve was the
non-linear behaviour of the infill-frame and consequent failure of the structure. After doing the
theoretical calculations using the finite-element method, the authors compared their results
with that of the experiment done by Stafford Smith (1966), for both square and rectangular
frames. Their theoretical results for the square frames were much closer to that of the
experiment than the rectangular frames, but these were still considered satisfactory. They also
compared the theoretical values for stiffness calculated through different methods created by
Benjamin and Williams (1958), Holmes (1961) and Stafford Smith (1966) against their
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theoretical values and the experimental values found by Stafford Smith (1966). Benjamin and
Williams (1958) and Holmes (1961) had results in the order of three to six times higher than
the experimental ones. Stafford Smith (1966) had close results to the experiment, but the results
of Mallick and Severn (1967) were even closer.
Ali and Page (1988) developed a method for finite element analysis of solid masonry subjected
to in-plane loading (without the frame). Local nonlinear behaviour and progressive failure were
incorporated in the method through the separate modelling of bricks and the mortar joints. Test
results on small samples of brickwork have been used to define the nonlinear material
characteristics. The material model includes failure criteria for the brick and the joint and
nonlinear deformation for the brick and the mortar. Crushing or cracking of the material, or
failure of the bond at the brick-mortar interface can cause failure to occur. The post cracking
behaviour of masonry was simulated through two different collapse models, one that assumed
that the tensile stresses in the cracked mortar joints is released instantaneity, and another that
allowed a more gradual release of stress in the fractured area through tension softening. Load
tests on masonry wallettes were used to verify whether the model was effective. The results
showed that the model by Ali and Page (1988) was capable of adequately predicting initial
cracking loads, ultimate loads and failure patterns. It was found that the rate of stress release
in the cracked joint is an important parameter to include in the model because the softening
model exhibited better results than the other collapse model used.
The modelling of the interface between the masonry and the infill panel is one of the most
challenging aspects of finite element modelling of infill-frames. Researchers have often used
either tie-link or interface models to represent the interaction between the two elements, i.e. the
masonry and the frame. The adequate representation of this interface in the finite element
model is crucial in order to have a realistic representation of the structure. Some studies such
as the ones done by King and Pandey (1978), Dawe and Young (1985) and Franklin (1970)
have used tie-link elements to connect the surrounding frame to the outer nodes of the panel.
The element can transfer compressive and bond forces, but it is not able to resist tensile forces.
The elements can also hold two adjacent nodes together and release them when certain
conditions have been reached. According to Crisafulli et al. (2000), the use of interface
elements between the panel and the frame can result in a more accurate representation of this
interaction. Interface elements are represented by two adjacent surfaces that consist of at least
four nodes, and their degrees of freedom are associated with the normal and shear stresses
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developed between these two surfaces. King and Pandey (1978) developed an interface element
in which one of the two surfaces has two rigid links representing the depth of the frame
member. Mosalam et al. (1993) was one of the first studies to notice that the interface elements
could be sensitive to the mesh used in the analysis. Most of the studies using interface elements
used the friction theory proposed by Coloumb to represent their behaviour. This theory requires
the consideration of three different stages, firm contact and no slip, firm contact with slip and
no contact. It is important to note that this theory does not consider shear bond between the two
surfaces, which may not affect the results of models with steel frames, but may significantly
affect the results of surfaces with concrete and mortar or brick.
The different types of modelling strategies for masonry have been described by Lourenco
(1996). The chosen strategy will depend on the desired simplicity and level of accuracy. They
are:


Detailed micro-modelling: the masonry units, mortar, and interface between the two
are modelled separately and they have distinctive properties;



Simplified micro-modelling: the masonry units are expanded to include the masonry
and part of the mortar, the properties of the expanded units are smeared and
homogenised, and the interface is placed in the middle of expanded units;



Macro-modelling: the masonry units, mortar and the interface between them are
smeared out as a homogeneous continuum.

Stavridis and Shing (2010) proposed a 2D simplified micro-model to assess the nonlinear loaddisplacement behaviour and failure mechanisms of RC frames infilled with masonry. The
authors adopted the cohesive crack interface elements developed by Shing and Lotfi (1994),
which is able to simulate the initiation and propagation of fracture under combined shear and
normal stresses in both compression-shear and tension-shear regions, in order to consider the
effect of the mortar. The FE model was able to capture the load-displacement response and the
different failure mechanisms of two infill-frames experimentally tested by Mehrabi (1994).
The authors found that the parameters used for the mortar joint properties had the most
influence on the results of the FE model.
Zhai et al. (2016) developed a simplified FE micro model that was applied to their experimental
infill-frame tests. They used ABAQUS to conduct their analyses and they halved the mortar
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joint thickness, which was attached to the adjacent masonry unit, and a surface based contact
pairs were placed in the middle of the mortar to allow for the interaction between the masonry
units. The surface contact pairs were also placed at the interface between the infill wall and the
RC frame. In order to simulate the contact pair, the authors used hard contact, penalty tangential
model, and the surface-based cohesive model with a friction coefficient of 0.7. Although the
experimental tests were conducted under reversed quasi-static lateral loads, the authors applied
a monotonic load to the FE models and compared the load-displacement curves to the backbone
curves of the experiment. The authors found that the results of the FE models agreed with that
of the experiment up the post-peak range, at which the FE models were not able to capture the
extensive brittle damage of the infill panel.
2.5.1.

Finite element analyses using ANSYS

Mohyeddin, Goldsworthy, and Gad (2010) produced a macro script that can generate a generic
single-bay single-story RC frame file using ANSYS. There were two main limitations of the
FE model. Firstly, no debonding between the bars and the concrete was represented, as there
was no defined element representing the reinforcement because the smeared reinforcement
option was used. Secondly, ANSYS fails to consider the fracture energy concerning tensile
cracks, which is frequently used in analytical models for cracking of the concrete. This is
possible to overcome if the tensile strength of concrete (𝑓′ ) is known. First, the frame was
analysed under vertical loads and then under lateral displacement. The force-drift curve of the
detailed FE model was compared with that of Specimen 1 (bare frame) from Mehrabi (1994),
and they were very similar. Sequentially, a series of sensitivity analyses were made to
investigate the effect of different parameters on the force-drift curves. Some of the changed
variables were confined or unconfined concrete model, variations in the secondary slope (𝐸 )
of the stress-strain curve, decrease in concrete cover, and increase and decrease in concrete
strength. By analysing the results, Mohyeddin et al. (2010) concluded that:


Using a confined constitutive model is essential. The confinement effect must be
included in the concrete material to trace the load-deflection curve and ductility of the
frame accordingly;



The FE model usually overestimated the initial stiffness, because the initial cracks due
to shrinkage are not considered in the model, and the frame is assumed to be
uncracked at the beginning of loading;



The increase or decrease of the steel’s secondary stiffness improved or weakened,
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respectively, the strength of the frame, but did not have an impact on the initial
stiffness;


Changes in the strength of the concrete influenced the ultimate lateral load of the
structure and the initial stiffness;



The decrease in concrete cover overestimated the ultimate lateral load that can be
applied to the structure.

Mohyeddin et al. (2013a) investigated the change of the load paths in infill-frames under inplane loading to better comprehend the concept of strut modelling in the nonlinear range of
behaviour. It is illustrated in Figure 22 that the location, number and width of the load paths
changed as the lateral drift increased. The specimens analysed by the authors had two or more
load paths in the infill panel, which disagrees with the simple strut analogy that is often used
for this type of structure. The authors suggested that the utilisation of a dynamic strut model
would be a more appropriate replacement for the infill panel than the single-strut model because
the configuration and the geometric properties of the struts change as the lateral displacement
increases.

Figure 22: Darker areas and lines are the compressive principal stresses in the infill panel of
one infill-frame at different drift values (Mohyeddin et al., 2013a)
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2.5.2.

Finite element analyses using OpenSees

Mohyeddin et al. (2014) applied the equivalent strut method to two infill-frames from Mehrabi
(1994). They calculated the strut width using the equation given by FEMA 356 (2000)
(Equation 15) and then analysed the strut models using OpenSees. The stress-strain curve used
for the equivalent strut material is illustrated in Figure 23.

Figure 23: Stress-strain curved used for the equivalent strut in OpenSees (Mohyeddin et al.,
2014)

The strut model force-drift curve was compared to that of the experimental tests, and they were
not very similar. The authors changed some critical properties of the strut material in a trial to
produce the best possible similarity with the force-drift curves of the experiment. These four
material properties are the four variables shown in the curve above: 𝑓′
where 𝑓′

is the compressive strength of masonry, 𝜀

ultimate compressive strain of masonry and 𝑓′

,𝜀

, 𝑓′

is the strain at 𝑓′

is the strength at 𝜀

and 𝜀
,𝜀

,

is the

. Significant variations

of up to 50% in these four properties were required to produce an adequate similarity with the
experimental force-drift curve. This showed that the equivalent strut modelling method has
some limitations, and it cannot be applied as a generic tool for nonlinear analysis of infillframes. Therefore, the authors suggested a dynamic strut model be adopted instead.
Noh et al. (2017) conducted numerical analyses on one-strut models, which represent
experimentally tested single-story, single-bay RC infill-frames, using OpenSees. The purpose
of their analyses is to find the most suitable formulae for the strut constitutive law definition
and to verify if the various material models available in the computer program are appropriate
for strut modelling. Firstly, they compared three types of backbone curve models of the
equivalent strut, and they found that the model proposed by Liberatore (2001) and Liberatore
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and Decanini (2011) had the most similar backbone curve to that of the two different
experimental tests. They choose to use this backbone curve in all of the analysis of their study.
Then the authors calculated the width and the strength of the strut using several models
available in the literature. They found that the model by Paulay and Priestley (1992) and
Priestley and Calvi (1991) combined with the selected backbone curve provided the most
similar force-drift curve to that of the two experiments. The authors performed cyclic analysis
on the strut models using three different types of material models available in OpenSees:


Concrete01, simplest model with no values in tension and requires four parameters;



Hysteretic, requires three points in tension and compression;



Pinching4, defined by eight parameters including cracking, yielding, maximum and
residual strength.

They concluded that the Pinching4 material was the most adequate in reproducing the cyclic
response of the strut models, but that the Concrete01 model gave suitable results considering
its simplicity. More information on strut modelling using OpenSees will be provided in Chapter
5.

2.6.Concluding remarks
Based on the literature review one can conclude that:


As the load applied on the infill-frame increases, the contact area between the frame
and the infill panel varies. Therefore, the behaviour of an infill-frame is geometrically
nonlinear;



Most of the materials used in the construction of a reinforced concrete frame with
masonry panels are also nonlinear, which makes their analysis and understanding even
more challenging;



The most accurate manner to analyse the interaction between the frame and the infill
panel is through the finite element method because of all the nonlinearities in an infillframe. However, this method can be expensive and time-consuming because the mortar,
the contact elements and every single masonry block would have to be modelled, which
would result in nonlinear analysis with cracking and crushing. That is impossible to be
done in everyday structural calculations;



The most common in-plane modes of failure of infill-frames have been identified
through experimental tests;
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When the infill-frame is subjected to in-plane lateral loads, the appearance of diagonal
compressive struts makes the interaction between the infill panel and the frame very
similar to a braced-frame. For this reason, many researchers have used the equivalent
strut method as a simplified method to analyse infill-frames;



The existing equivalent strut models vary in location, number and area of the struts.



As the drift values of an RC frame with masonry infill increases, the location and width
of the compressive load paths in the infill panel vary;



The equivalent strut model has some limitations and cannot be applied as a generic tool
for infill-frames;



Creating a dynamic strut model, or better, a case-specific strut model would be a
reasonable approach to analyse the interaction between the infill panel and the frame.
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3. METHODOLOGY
In this study, the results of detailed FE models of infill-frames at a micro level (see Section
2.5) were used to determine the geometric properties of the strut(s) of their equivalent nonlinear
strut models. The micro models were created using ANSYS, which include detailed modelling
of expanded masonry units (i.e. each unit comprises half of the mortar thickness and one brick)
and the interface between them (i.e. simplified micro modelling approach). Equivalent strut
models, hereafter referred to as macro models too, were created using Opensees. The results of
these two types of FE models were used to reach the aims and objectives of this study as further
explained in the following sections.

3.1. Numerical modelling
The infill-frames selected for this research were experimentally tested under monotonic or
cyclic lateral loading, and their results are available in the literature. The experiments selected
in order to achieve the objective stated in item 2a of Section 1.1 represent a relatively broad
range of infill-frames in terms of their geometric and material properties and vertical loads. A
detailed description of the selected experiments is provided in Chapter 6.
It is common for researchers to do experimental tests on a bare frame (i.e. without the masonry
infill panel) in addition to the infill-frame specimens (Pires (1990), Mehrabi (1994), Basha and
Kaushik (2016), Zhai et al. (2016), Suzuki et al. (2017)). The bare frame test makes the
comparison between the two structural systems possible. All of the selected studies on infillframes had at least one bare frame experimental test. An FE model of these bare frames was
generated and analysed using ANSYS. The force-displacement curve of the experimentally
tested bare frame and the FE model were compared for validation purposes. If there were
similarities between the two curves, the infill-frame model was subsequently generated.
An input macro script developed by Mohyeddin (2011) able to generate a generic FE model of
a reinforced concrete frame with (or without) masonry infill using ANSYS (version 12.1) was
used in this study to reach the objective described in item 2b of Section 1.1. The FE model was
subjected to a vertical load, according to experimental values, and a subsequent lateral load.
More information on infill-frame modelling using ANSYS can be found in Chapter 4. The
force-displacement curve of the FE analysis and the experiment were compared in order to
validate the FE model.
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If there was an acceptable similarity between the force-drift responses, the results of the FE
analysis were used to visualise the load paths in the masonry infill, which were consequently
used to define the geometric properties of the struts and achieve the objective of item 2c in
Section 1.1. The load paths can be seen through the plots of the principal stresses, i.e. load
paths. At the initial stage of the analysis, the results illustrated a large diagonal load path
covering almost the entire panel; however, the width, number and locations of these paths
changed as the drift increased due to cracking, crushing, and the movements of the masonry
units. A large diagonal load path formed initially may become a smaller single path, or it may
split into two or more paths depending on the specimen.
The measurement of the load paths for strut modelling purposes needs to be performed at a
specific time in the FE analysis, which may change from one infill-frame to the next. Normally,
the infill-frame needed to have enough displacement so that the load paths are well defined.
This would normally occur once there is a substantial change in the stiffness of the structure.
However, it cannot have an excessive amount of displacement so that the infill-frame, and
consequently the load paths, became distorted. After the ultimate lateral load is reached, there
is an increase in the extent of cracking and crushing of masonry; therefore, the load paths
generally become less defined after this stage of the analysis.
The two FE infill-frame analyses from Mohyeddin (2011), replicating Specimen 8 and 9 of
Mehrabi (1994), showed that once the load paths are clearly defined in the infill, they do not
change significantly until the ultimate lateral load is reached. Since it may take several days to
analyse an FE infill-frame model for the same amount of lateral displacement as in the
experiment, the approach taken in this study was to stop the analysis once the load paths were
clearly defined, and use this information to define the strut properties. An example of the load
paths used to develop the strut models is illustrated in Figure 24. This figure only shows the
masonry infill; therefore, the strut(s) need to be extended to the centreline of the beams and the
columns. Only then, it is possible to know the strut’s final position on the frame when creating
the equivalent strut model, reaching the objective stated in item 2d of Section 1.1.
The strut models were created and analysed using OpenSees. Prior to the strut model analysis,
the bare frame was analysed and verified against the experimental results (similar to the
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approach taken for detailed FE models of bare-frames created using ANSYS). Chapter 5
outlines how the frame and struts were modelled using OpenSees.

Figure 24: Load paths (compressive stresses) in an infill panel at the nonlinear stage of the
analysis

3.2.Sensitivity analysis
A series of sensitivity analysis were conducted on the detailed FE infill-frame Specimen 9
(Mehrabi, 1994) in order to reach the objective stated in item 3a of Section 1.1. This FE
specimen was selected for this purpose because it was analysed for the full range of drift (as it
was in the experiment). Certain masonry properties were increased and decreased by a value
of 25%. The masonry material properties that were varied are 𝑓′
compressive strength), 𝑓′

(ultimate masonry tensile strength) and 𝜀

(ultimate masonry
(strain at which the

ultimate masonry compressive strength is achieved). Mohyeddin (2011) conducted the same
sensitivity analyses on Specimen 8 (Mehrabi, 1994) and his results were also used in this part
of the study. The sensitivity analysis was conducted to see how sensitive the geometric
properties of struts, i.e. numbers, positions and widths, are to the varying infill material
properties.
Using the sensitivity analyses results from Mohyeddin (2011) for Specimen 8 and those
conducted in this study for Specimen 9, it was possible to define a strut model for each of the
detailed FE infill-frame through the procedure previously described in Section 3.1. Once the
geometric properties of the struts were defined for each FE infill-frame model, the strut models
were analysed using OpenSees. The material properties modified in the detailed FE model
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(ANSYS) were also modified in the strut model. The only property that could not be changed
in OpenSees was the tensile strength of the infill material. This occurred because the material
model used, “Concrete01”, only includes the compressive strength of concrete and there is no
input for tensile strength, i.e. it is considered as zero in the model.
The strut models were validated through a comparison against the results of the detailed FE
analyses because there are no experimental results in these circumstances. The geometric
properties of the struts of the seven models, the six used in the sensitivity analyses and the
original, were used to develop an average strut model for both Specimen 8 and 9. This average
strut model was compared against the results of the six FE infill-frame analyses, and the
experimental test, to determine if it can capture the nonlinear behaviour of the infill-frame.
Sensitivity analyses were conducted on Specimen 8 in regards to the vertical load on the infillframe. The objective was to see how the vertical load affects the force-displacement response
of the infill-frame, as well as the strut formation in the panel. The four analyses conducted
were:


Double the vertical load and distribute it as it was done in the experiment (one-third
on each column and one-third on the beam);



Double the vertical load and apply it only to the columns (divided equally between the
two columns);



Halve the vertical load and distribute it as it was in the experiment (one-third on each
column and one-third on the beam).



Use the same value of the vertical load, but apply two-thirds of the total load to the
beam, and one-third of the vertical load is applied to the two columns, one-sixth on
each column (originally, only one-third of the load is applied to the beam).

A strut model was developed for each detailed FE model and analysed. The strut model was
validated against the results from the detailed FE models.
There was an attempt to use the same amount of load that was used in the experiment and apply
it only to the columns; however, not having any load on the beam in this particular case caused
significant convergence issues at very early stages of the analysis. Consequently, this type of
load distribution, i.e. vertical loads only on the columns, was attempted by doubling the amount
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of vertical load. It was concluded that doubling the amount of load in the columns generated
enough confinement in the infill to obtain a better convergence, even with no load on the beam.
To achieve the objective described in item 3b of Section 1.1, the proposed strut models were
applied to the other selected specimens to investigate whether they can capture the nonlinear
behaviour of any other infill-frame(s).

3.3.Data analysis
Although there was a small number of samples available, it was attempted to find any possible
significant correlation between the strut properties and the properties of the infill-frame
specimen in order to reach the objective of item 4 of Section 1.1. The properties of the strut(s)
used for this purpose were purely geometrical, and included the total strut width, the location
of the strut(s), the angle of each strut, the total number of struts and the distribution of the width
amongst the struts. In regards to the infill-frames, the focus for correlation was on the properties
that could conveniently be measured without any experimental tests; these were mainly
geometric properties and vertical loads of the infill-frame specimens. The reason is that it will
favour the development of a more straightforward case-specific strut model. Also, if any of
the strut models proposed for a given infill-frame specimen produced adequate results when
applied to another infill-frame, this could mean that there should be similarities between the
two specimens, which was something that was further investigated.
There are equations available from the literature to calculate the width of the strut(s) based on
geometrical, material and loading properties of the infill-frame specimen (Stafford Smith
(1966), Papia et al. (2003), Amato et al. (2008)). The properties used in these equations were
also considered when analysing the data. Two recently proposed equivalent strut models from
the literature were also applied to the selected infill-frame specimens to determine whether they
could capture the nonlinear behaviour of different infill-frames. Some of the parameters used
in these equation methods were also considered in the data analysis.
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4. FE MODELLING USING ANSYS
ANSYS Mechanical APDL, one of the programs used in the current study, allows complex
structural problems to be solved through finite element analysis (FEA) at a micro level. The
same FE modelling techniques and material models used in the macro script by Mohyeddin
(2011) were used here. These will be described further below.

4.1.Reinforced concrete frame
The generic detailed FE infill-frame model developed by Mohyeddin (2011) used the ANSYS
SOLID65 element for the modelling of the concrete frame. The author did a series of
preliminary and sensitivity analyses on an RC bare frame model to evaluate the effect of
different parameters on the force-drift curve, which was compared to that of Specimen 1 of
Mehrabi (1994). These analyses were a crucial step towards a successful modelling of the RC
frame because ANSYS requires the input of some parameters that do not have any physical
meaning.
One of the differences between the frame of the experiment and the frame of the detailed FE
model is the width of the beam. In the experiment, the width of the beam and the depth of the
column are 152 mm and 178 mm, respectively, but in the detailed FE model, they are both 178
mm. Mohyeddin (2011) made this assumption because it simplifies the building of the joints’
geometry in the model. He did an analysis on the bare frame to see the effect that the wider
beam had on the stiffness and strength of the frame, and he found that the difference was small
enough to allow the use of the larger value for all of his infill-frame analyses.
4.1.1.

Solid65 finite element

The SOLID65 finite element is used for concrete. It is a solid 8-node element and it has
capabilities such as smeared reinforcement, large-deflection, smeared cracking and crushing,
and nonlinear stress-strain material properties (ANSYS, 2009). Smeared reinforcement is used
in the models of the current study because it reduces the nonlinearity in the model (Mohyeddin,
2011). In this scenario, the amount of reinforcement is specified as a volume ratio of steel to
concrete within an element. The reinforced concrete frame is meshed, which allows the
reinforcement to be smeared only across the necessary elements and be placed in its appropriate
location (Figure 23 and 24). Results discussed in 7.1.1 found that the smeared reinforcement
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needs to be combined with a confined concrete model for a successful modelling of the
reinforced concrete frame.

Figure 25: FE model of the column: (a) Cross-section of the column; (b) elements with
smeared reinforcement representing the location of the longitudinal steel reinforcement
(Mohyeddin, 2011)

Figure 26: FE frame without the concrete core and cover to show the arrangement of the
longitudinal and transverse reinforcement (Mohyeddin, 2011)
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4.1.2.

Concrete models

One of the shortcomings of the SOLID65 element used for concrete is the consideration that
concrete has a linear stress-strain relationship (ANSYS, 2009), which is not an appropriate
representation of concrete in a nonlinear analysis. This linear model of concrete in SOLID65
is defined by the [TB,CONCR] command, which adopts the Willam-Warnke failure surface,
and includes the input of the compressive and tensile strength values. Mohyeddin (2011)
combined the linear model with a nonlinear stress-strain relationship for concrete. The
nonlinear models of ANSYS available for this purpose are [TB,MKIN] and [TB,KINH], which
create a stress-strain curve based on values input by the user. Mohyeddin (2011) used the bare
frame FE model to test different combinations of the [TB,MKIN] and [TB,CONCR] and he
found that the best results occurred when only the tensile strength was defined through the
[TB,CONCR] command.
The modified Kent-Park model (Scott, Park, & Priestley, 1982) is adopted to generate the
nonlinear stress-strain curve to be inserted in the model through the [TB,MKIN] command.
This model considers the effect of confinement caused by the stirrups in the stress-strain
relationship of concrete. Figure 27 illustrates the difference between the confined and
unconfined modified Kent and Park model for concrete. The stress-strain curve of concrete
according to the model is generated through the following equations:

𝜎 = 𝐾𝑓

2

−

𝜎 = 𝐾𝑓 [1 − 𝑍(𝜀 − 𝜀 )] ≥ 0.2𝐾𝑓

for 𝜀 ≤ 𝜀

( 73 )

for 𝜀 ≤ 𝜀 ≤ 𝜀

( 74 )

𝜀 = 0.002𝐾

( 75 )

𝐾 =1+

( 76 )

𝑍=

.
.

.

( 77 )
.

In the expressions above, 𝜎 and 𝜀 are the vertical and horizontal values, respectively, of
the concrete stress-strain curve, 𝜀 is the strain at which the ultimate compressive stress of
concrete is achieved, 𝑓

is the mean value of the compressive cylinder strength of

concrete in MPa, 𝐾 is the factor that includes the increase in the concrete strength due to
confinement, 𝜌 is the ratio of the volume of stirrup to the volume of concrete core
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measured to outside of stirrups, 𝑓

is the yield stress of stirrups in MPa, 𝑍 is the slope of

the stress softening, ℎ′ is the width of concrete core measured to the outside of the stirrups,
𝑓′ is the characteristic strength of concrete, and𝑠 is the centre to centre spacing of
stirrups.

Figure 27: A comparison between the stress-strain relationship for the confined and
unconfined concrete model (Mohyeddin, 2011)

In the version of ANSYS used in this study (12.1), the cracking of the concrete material is
defined only by 𝑓′ , which is the ultimate tensile strength of concrete. Three different standards
have been considered to find the tensile strength of concrete based on its compressive strength,
AS3600 (2018), ACI 318 (2008) and Eurocode 2 (2005). AS3600 (2018) considers the tensile
strength of concrete to be:

𝑓

= 1.4 ∗ 0.36

where 𝑓

𝑓

( 78 )

is the mean value of the axial strength of concrete and 𝑓 is the characteristic

compressive cylinder of concrete.
Additionally, ACI 318 (2008)state that the tensile strength of concrete is:

𝑓

= 0.59(𝑓 )

.

( 79 )
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where 𝑓

is the mean value of the compressive cylinder strength of concrete.

The tensile strength can also be calculate with the two equations below given by Eurocode 2
(2005):

𝑓

( 80 )

= 0.3𝑓

𝑓 =𝑓

( 81 )

−8

where 𝑓 is the characteristic compressive cylinder of concrete and the values of the equations
are given in MPa.
If 𝑓 is equal to 25 MPa, a common value used in the reinforced concrete of the experiments
used in this study, the 𝑓
of 𝑓

calculated with Equations 78, 79, and 80 are 8.1%, 10.2% and 7.8%

, respectively, averaging to a value of 8.7% of 𝑓

consideration, the value of 10% of 𝑓

. Taking these results into

was used for the tensile strength of concrete in the finite

element models.
4.1.3.

Steel models

Mohyeddin (2011) adopted a bi-linear stress-strain relationship for the reinforcing steel in the
concrete. The steel’s modulus of elasticity, 𝐸 , used in the FE models was based on the values
of the experimental test. If the authors of the experiment did not provide this value, then it was
assumed to be 200 GPa. The secondary stiffness, 𝐸 , also referred to as tangent stiffness, was
assumed to be 2.5% of 𝐸 . The value used for 𝐸 is based on the results of the bare frame
sensitivity analysis done by Mohyeddin (2011). He used the values of 0%, 2.5% and 5% of 𝐸 ,
and found that the initial stiffness of the frame was the same with all values; however, a higher
𝐸 increased the strength of the frame.

4.2.Masonry
The modelling of the masonry material using ANSYS is described in the following sections.
The presence of two different materials in the masonry panel, mortar and masonry units, makes
it an anisotropic and heterogeneous material. The composite material and the interface between
the two materials makes the modelling of masonry a complex task. Mohyeddin (2011) opted
to halve the mortar and place the interface (contact) elements in the middle (illustrated in Figure
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28) instead of having interface elements on each side of the mortar material, i.e. between the
mortar and masonry units. This strategy substantially decreases the number of interface
elements required in the model, which reduces the likelihood of convergence issues, and the
computational cost.
one contact element pair representing the
interface between the masonry units in the
middle of the mortar (head joint)

one contact element pair representing the
interface between the masonry units in the
middle of the mortar (bed joint)
Figure 28: The masonry modelling strategy adopted for the location of the interface elements
(Mohyeddin, 2011)

Additionally, Mohyeddin (2011) added an elastic mortar band in the bed and head joints of the
masonry, illustrated in Figure 29, to reduce the unrealistic distortion of the masonry units, and
the penetration of contact areas/interface elements into one another. The addition of the elastic
band allows the adjacent masonry units to be in contact after the nonlinear mortar elements
have cracked or crushed, which will prevent the interface elements from being extremely
damaged to the point of a total loss of contact. Therefore, the inclusion of the mortar band
improves convergence of the numerical solution and provides more accurate results, i.e.
avoiding unrealistic changes in the load path leading to a premature failure. He also states that
there are two disadvantages to the use of the elastic mortar band. The first is that it develops a
confining effect that strengthens the middle part of the masonry unit. However, this issue does
not have a significant effect on the results because the extra compressive stress that arises due
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to the confinement will also generate tensile stress, which is considered in the model and will
be subjected to the implemented modes of failure. The second disadvantage is the discontinuity
of cracks, where vertical and diagonal cracks located in the elements surrounded by the elastic
mortar band will not be able to continue to the next masonry unit.

mortar rims with nonlinear
material properties
elastic mortar band
located in the middle
providing more stability
for the contact elements

Figure 29: The modelling strategy adopted for mortar (Mohyeddin, 2011)
The Poisson’s ratio value used for masonry in the FE analyses was 0.2. This was the value used
by Mohyeddin (2011), and the value is coherent with the values previously used by Lourenco
(1996) in his analyses, and it is also the average value suggested by El-Dakhakhni (2002).
4.2.1.

Masonry material models

The element used for the masonry is SOLID65, which is the same element used for the RC
frame, described in Section 4.1.1. The combination of [TB,MKIN] and [TB,CONCR] is also
adopted for the masonry unit. All elements in the masonry, with the exclusion of the elastic
mortar band, are represented by a nonlinear stress-strain curve under compression. The macro
script allows the use of different materials models for the masonry unit and the nonlinear
elements of the mortar; however, in the current study, the material model used was the same
for all nonlinear masonry elements, because its values were based on the results of tests
conducted on the masonry prism, and not on individual units. The nonlinear stress-strain curve
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used for masonry in compression was based on Angel (1994), who proposed the following
equation:

𝜎 =

(

)

𝜀

+

(

.

)

𝜀

( 82 )

+𝐸 𝜀

𝐸 = 750𝑓

( 83 )

𝜀

( 84 )

= 𝜀

where 𝜀 is the compressive strain of masonry, 𝜎 is the compressive stress of the masonry
related to 𝜀 , 𝑓

is the ultimate compressive strength of masonry, 𝜀

is the maximum

strain of the masonry before it fails, 𝐸 is the modulus of elasticity of masonry, and 𝜀
strain at which 𝑓

is the

occurs.

One of the disadvantages of the equation by Angel (1994) is that the second derivative of
Equation 82 is positive in some parts of the graph if 𝜀

is smaller than 0.003 or greater than

0.0048. When this occurred, the equation by Hendry (1990), which is always negative, was
used. This equation is very similar to the one proposed by Angel (1994) for most values of 𝜀

.

This similarity is illustrated in Figure 30, where both of the equations were used for the
masonry of an infill-frame tested by Zhai et al. (2016). Hendry’s equation is:

𝜎 = 𝑓′

2

−

( 85 )

A linear stress-strain relationship was used to model the material behaviour of masonry units
in tension. In order to model the cracking of the masonry units a tensile strength equivalent to
10% of their uniaxial compressive strength was considered, which is in line with the suggestion
given by Crisafulli (1997). A von Misses failure surface was applied.
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Stress (MPa)

2
1.5
1
Angel (1994)

0.5

Hendry (1990)
0
0

0.001

0.002

0.003

0.004

Strain (mm/mm)

Figure 30: The stress-strain curve of Angel (1994) and Hendry (1990) used for the masonry
experimental tests done by Zhai et al. (2016)

4.2.2.

Contact elements

Contact elements are necessary to model the interface between any two objects which may
separate during the analysis. These contact elements have the capability to represent sliding,
friction or lift-up that may occur at the location of head and bed joints. Most values used for
contact elements cannot be measured through experimental tests, and are in a way “arbitrary”.
The macro script developed by Mohyeddin (2011) uses surface-to-surface contact elements in
the middle of the divided mortar joint and between the frame and masonry. The interface is a
combination of the contact surface, represented by element CONTA174, and the target surface,
represented by element TARGE170. These contact elements are able to take shear and tensile
bonding into account and model friction. However, when they are used for these purposes, they
significantly increase the nonlinearity in the model and are likely to cause convergence issues.
In order to reduce the number of contact elements in the model, Mohyeddin (2011) decided to
make all of the bed joints located at the same height into one contact pair. In order to allow
rotational movement of the masonry units, the bed joint contact elements were split where they
encounter the head joint elements.
To define one contact pair, which includes the contact and target elements, 42 parameters need
to be defined, and many of these have no physical meaning. Some of the 42 parameters do not
need to be changed and their default values can be used. Mohyeddin (2011) found that when
using contact elements to model the interface between masonry units, eight of total parameters
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needed to be modified by the user. The 8 parameters are: contact stiffness, “FKN”; pentetration
tolerance factor, “FTOL”, contact damping coefficient, “FKOP”; initital contact closure,
“ICONT”; contact algorithm, “KEYOPT 2”; contact stiffness variation range, “KEYOPT 6”;
effect of initial penetration or gap, “KEYOPT 9”; and contact stiffness update, “KEYOPT 10”.
Mohyeddin (2011) performed a large number of preliminary analyses on infill-frames and
small masonry specimens to define the values of these parameters, which have been adopted
for the infill-frame detailed FE models of this study. More details on these analyses and the
values used can be found in Mohyeddin (2011).
4.2.2.1.

Friction

While most values for contact elements were the same for the detailed FE infill-frame models,
there was some variation in the values used for friction. Friction values are measured through
direct shear test, and these are not usually measured in experimental studies of infill-frames. It
was found that for some infill-frames, the friction values needed to be increased or decreased
to improve accuracy or reduce convergence issues. Many researchers have suggested values to
be used for friction between the masonry unit and the mortar. Mohyeddin (2011) collected
many of the values that were proposed up until the time of his publication and reported it in his
research. The friction values proposed by many authors have a broad range varying from 0.3
to 1.2, and the values of friction used in this study were always within this range.

4.3.Loading sequence
The FE bare frame or infill-frame was subjected to vertical loads according to the values given
by the experiment. After the application of these loads, the analysis was restarted and a
monotonic lateral displacement was applied to the frame. The application of a displacementcontrolled load was a better option than the application of forces due to the high amount of
nonlinearities in the model (Mohyeddin, 2011).
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5. FE MODELLING USING OPENSEES
OpenSees is an open-access software created with the purpose of simulating the response of
structures subjected to seismic loads through finite element analysis.

It allows the

incorporation of plasticity models that simulate the global response of structures and account
for the nonlinearities that arise from seismic loads. In the current study, OpenSees was used
for the analysis of bare RC frames and nonlinear strut models, which consist of an RC frame
represented by force-beam elements, and masonry struts, represented by truss elements. The
modelling strategy of each of these components is further explained in the next sections.

5.1.Reinforced concrete frame
The nonlinear behaviour was incorporated in the model through a numerical approach.
OpenSees has two plasticity models that can incorporate nonlinearities in a reinforced concrete
structure, concentrated, which is a lumped model, and distributed, which is a fibre-based model.
According to Noh et al. (2017), the concentrated plasticity models are simple and effective, but
they require the input of a moment-rotation relationship that relates to the plastic hinge length.
This model requires an elastic beam-column with two zero-length elements at the ends as
illustrated in Figure 31. This model is able to represent the deterioration of the steel
reinforcement, predict collapse and record the strength and stiffness degradation to evaluate
the global collapse. The distributed model allows the plasticity to be spread along the element
through numerical integration. The cross-section can be divided into fibres, and yielding can
occur at any point along the element (Figure 32). This model is ideal when behaviours such as
cracking and tension-stiffening control the response of the structure but it cannot appropriately
portray the deterioration of the steel reinforcement due to low-cycling fatigue and buckling
(Noh et al. 2017). In this study, the distributed plasticity model is used along with the definition
of stress-strain curves based on experimental tests of concrete. According to Spacone, Filippou,
and Taucer (1996), the distributed non-linearity models allow for a more accurate depiction of
the inelastic behaviour of the RC members.
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Figure 31: Modelling of a reinforced concrete frame using concentrated plasticity elements
(Noh et al. 2017)

Steel01

Figure 32: Modelling of a reinforced concrete frame using distributed plasticity elements
(Noh et al. 2017)

5.1.1.

Concrete models

OpenSees is able to account for the nonlinear behaviour of concrete through its material
models. Two different material models are used in this study for concrete: “Concrete01” for
the cover and “ConfinedConcrete01” for the core, and both have a tensile strength equal to
zero. The “Concrete01” material model creates a stress-strain curve for concrete based on the
uniaxial Kent and Park model (Kent & Park, 1971) and the degraded linear unloading stiffness
is based on the Karsan-Jirsa model (Karsan and Jirsa (1969), Mazzoni et al. (2006)) and it is
illustrated in Figure 33. Four values need to be defined in this material model: the ultimate
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compressive strength of concrete (𝑓′ ), the strain at the ultimate strength (𝜀 ), the strength at
the ultimate strain (𝑓′ ), and the ultimate strain (𝜀 ).

𝜀

𝜀

2 ∗ 𝑓 /𝜀
𝑓′
𝑓′
Figure 33: Concrete01 Material model in OpenSees (Noh et al. 2017)
The material model used for the reinforced concrete confined core in the frame is called
“ConfinedConcrete01”. It is based on the material model proposed by Braga, Gigliotti and
Laterza, which is named the BGL model (Braga, Gigliotti, & Laterza, 2006). This material
model can take into consideration the arrangements of the transverse reinforcement and/or
external strengthening when defining the stress-strain curve. This model also has no tensile
strength and the degraded unloading and reloading stiffness is defined based on the KarsanJirsa model (Karsan and Jirsa, 1969), as it occurs in the Concrete01 model (Braga et al., 2012).
Similarly to the Modified Kent and Park model (Scott et al., 1982), the BGL model has an
increase in the strength of concrete due to the confinement of the transverse reinforcement, as
shown in Figure 34. To define the ConfinedConcrete01 model, there is a need to define a
considerably larger amount of parameters than in the model used for unconfined concrete.
Some of these parameters are related to the concrete material, such as the unconfined
cylindrical strength of concrete, the initial elastic modulus of unconfined concrete, the confined
concrete ultimate strain, the Poisson’s ratio and the length of the concrete core. Some of the
parameters that need to be defined are related to the transverse reinforcement: diameter,
spacing, yielding strength, elastic modulus, hardening ratio and ductility factor.
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Figure 34: Strength increment due to transverse reinforcement confinement (Braga et al.,
2012)

Considering that the confined concrete models used in ANSYS and OpenSees are different, a
comparison was made between a bare frame using the BGL model and the Modified Kent and
Park model using OpenSees. The Modified Kent and Park values were calculated and it was
included in the macro FE model through the Concrete01 material. It is illustrated in Figure 35
that the differences between the force-drift curves are minimal; therefore, it is acceptable to
use the ConfinedConcrete01 material, which uses the BGL model, in OpenSees.

125

Lateral Force (kN)

100
75
BGL Model

50

Modified Kent and Park
Model

25
0
0.0

1.0

2.0

3.0

4.0

Lateral Drift (%)

Figure 35: Force-drift curves of an RC bare frame macro-model using two different types of
confined concrete material models
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5.1.2.

Steel models

The material Steel01 is used for the reinforcement in the concrete frame. Steel01 is a uniaxial
bilinear steel material with kinematic hardening and an optional isotropic hardening feature.
There are three essential parameters needed to define this material, yield strength, initial elastic
tangent and strain-hardening ratio. The material also allows for the definition of four optional
parameters that are related to the isotropic hardening feature, but these were not used in this
research.

5.2.Struts
The masonry infill is modelled by truss elements that represent the diagonal struts. Many
material models are available to represent the struts in OpenSees, but in this study, the
Concrete01 material model is adopted. This is the same model as the one used for the
unconfined concrete in the frame. One of the benefits of using this material model is that it can
capture the degradation of the strength and stiffness, and the residual strength of the model.
Another benefit of using Concrete01 is that it requires a small number of parameters to define
its nonlinear behaviour. Even so, it was not possible to find all the information required to
define Concrete01 through the experimental studies selected. The input for the material model
is obtained from masonry prism tests when they are available. If not all of the information for
the masonry prism stress-strain curve is provided, an estimation is made based using models
by Angel (1994) or Hendry (1990), which were explained in Section 4.2.1, as well as trial
analyses.

Previous studies have stated that the stress or the strain obtained from the masonry prism test
needed to be modified when it was applied to a strut model. Noh et al. (2017) reduced 𝜀

by

half when applying the Concrete01 model to the strut in an OpenSees analysis. Their reason
for the reduction was to obtain a more realistic value for the elastic stiffness of the strut model.
Di Trapani et al. (2017) modelled struts as fibre-sections combined with the Concrete01 stressstrain law available in OpenSees. The authors state that the four parameters required for the
Concrete01 stress-strain curve of an equivalent strut are not in accordance with the values used
for the masonry infill panel. This occurs because the lateral response of an infill-frame also
depends on the mode of failure and is not only related to the masonry stress-strain curve. The
authors proposed a calibration strategy to modify the original masonry prism values obtained
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from experimental tests. In one of their examples using Specimen 11 (Mehrabi, 1994), they
reduced both the compressive strength of masonry (𝑓
(𝜀

) and the strain at the ultimate strength

) by a value of 70%.

During the course of this study, it was also noticed that the strut models are more sensitive to
the masonry stress-strain curve than the detailed FE models, and the material models by Angel
(1994) and Hendry (1990) were not appropriate for some infill-frames. When this occurred, the
masonry stress-strain curve was adjusted (the value at the ultimate stress remained the same)
until the strut model had a similar force-drift curve to that of the corresponding infill-frame.
This modified stress-strain curve was used in a new detailed FE analysis, and a new strut model
was constructed based on the load paths. This procedure will be further explained in Chapter
7.

5.3.Vertical load distribution
During this study, it was found that if a significant amount of vertical load is applied to the
beam of an infill-frame, it may cause a false increase in the lateral load of the equivalent strut
model due to the angle of the struts. When the vertical loads on the beam were high enough to
cause this effect, the load was applied only to the columns in the equivalent strut model. This
is further explained in Section 7.1.2.1.

5.4.Loading sequence
The vertical load was applied to the strut model, and it remained constant throughout the
pushover analysis, in which the displacement control strategy is used. Firstly, a horizontal load,
which serves as a reference load, was applied to the top of the windward column. Sequentially,
an incremental displacement was specified and it was applied to the same location after the
horizontal load. Additionally, a target displacement was also specified. If no convergence
issues occurred during the analysis, it stopped once it reached the target displacement.
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6. SELECTED SPECIMENS
Five bare frames and seven infill-frames were selected to be analysed. They were selected from
the studies by Mehrabi (1994), Basha and Kaushik (2016), Zhai et al. (2016), Pires (1990) and
Suzuki et al. (2017). The main reason for choosing these infill-frames is that they have a broad
range of material and geometric properties, and vertical load values, and they were scattered
from a geographical point of view. It is important to note that in all of the infill-frames, the
infill panel was constructed after the RC frame. The table below summarises the experimental
infill-frame tests that were selected for this study.
Table 2: Summary of selected experiments
Infill-frame

Reference

Country

Bare-Frame

Scale

Panel

Masonry

Specimen

Specimen

Aspect

Prism

Number

Number

Ratio

Strength

(H/L)

(MPa)

8

Mehrabi (1994)

United

1

1:2

0.67

9.5

1

1:2

0.67

14.2

N/A

1:2

0.48

11.4

India

1

1:2

1

3.9

Japan*

BF

1:4

0.61

8.4

States
9

Mehrabi (1994)

United
States

11

Mehrabi (1994)

United
States

3

Basha &
Kaushik (2016)

1S-1B

Suzuki et al.
(2017)

M2

Pires (1990)

Portugal

M1

2:3

0.77

1.7

2

Zhai et al.

China

1

1:1

0.93

1.9

(2016)
*Replicating a Turkish building

6.1.Mehrabi (1994)
Some results from the study by Mehrabi (1994) have already been discussed in Chapter 2. In
this section, there will be a focus on the details of the specimens selected for this study, namely
1, 8, 9 and 11. Specimen 1 is a bare frame and Specimens 8, 9 and 11 are infill-frames, and
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their dimensions and reinforcement details are illustrated in Figure 36. The frame of Specimen
1 has the same geometric properties as that of Specimens 8 and 9. The values of the vertical
load, the type of lateral load, the aspect ratio and the type of masonry of the infill-frames are
shown in Table 3. All the selected specimens were considered to have a “weak” frame because
of the details of the reinforcement, i.e. only gravity and wind loads were taken into account in
the design of the frames (Mehrabi, 1994). First, the vertical loads were applied to the frame
through hydraulic jacks that were manually controlled and monitored by strain gauges. Then,
the lateral load was applied by two servo-controlled hydraulic actuators. Strain gauges and
displacement transducers were placed in different positions of the specimens to measure
dislocations at each point.
Both types of the masonry block that were used in these experiments had the same dimensions:
193.7 mm (length), 92.1 mm (height), and 92.1 mm (thickness); however, the hollow blocks
had a 49% void ratio. Table 4 displays the concrete properties of the specimens, Table 5 has
the steel material properties, and

Table 6 has the values of the masonry properties. Further details about how the experiment was
done and the properties of each specimen can be found in Mehrabi (1994).

Figure 36: Dimensions and reinforcement details of Specimens 8, 9 and 11 of Mehrabi (1994)
(Mohyeddin et al., 2017a)
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Table 3: General information on specimens tested by Mehrabi (1994)
Specimen

Type of

Panel Aspect

Lateral

Vertical Load Distribution (kN)

Number

Masonry

Ratio(h/l)

Load

Columns

Beams

1

no infill

0.67

monotonic

293.6

-

8

hollow

0.67

monotonic

195.7

97.9

9

solid

0.67

monotonic

195.7

97.9

11

solid

0.48

cyclic

195.7

97.9

Table 4: Concrete properties of Specimen 1 of Mehrabi (1994)
Material & Specimen

Properties

Values

Concrete – Specimen 1

Compressive strength, fck (MPa)

30.9

(bare frame)

Tensile strength (Split cylinder), f’t (MPa)

3.3

Tensile strength (Modulus of rupture), f’tr (MPa)

6.75

Concrete – Specimen 8

Compressive strength, fck (MPa)

26.8

and 9

Tensile strength (Split cylinder), f’t (MPa)

2.8

Tensile strength (Modulus of rupture), f’tr (MPa)

4.9

Concrete – Specimen

Compressive strength, fck (MPa)

25.7

11

Tensile strength (Split cylinder), f’t (MPa)

3.1

Tensile strength (Modulus of rupture), f’tr (MPa)

4.25

Table 5: Steel reinforcement properties for Specimens 1, 8, 9 and 11 of Mehrabi (1994)
Material

Properties

Values

Transverse reinforcement (6.4)

Yield strength, fy (MPa)

367.6

Ultimate strength, fu (MPa)

449.6

Yield strength, fy (MPa)

420.7

Ultimate strength, fu (MPa)

662.1

Yield strength, fy (MPa)

413.8

Ultimate strength, fu (MPa)

662.1

Longitudinal reinforcement (12.7)
Longitudinal reinforcement (15.9)
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Table 6: Material properties of the masonry in Specimen 8, 9 and 11 of Mehrabi (1994)
Specimen

Material

Properties

Values

Specimen 8

Masonry unit

Compressive strength, f’cb (MPa)

16.5

Mortar

Compressive strength, f’cj (MPa)

15.5

Masonry prism

Compressive strength, f’cm (MPa)

9.5

Strain at ultimate compressive stress, ε0m

0.0027

Bond (couplet test)

Shear, τo (MPa)

0.95

Masonry unit

Compressive strength, f’cb (MPa)

15.6

Mortar

Compressive strength, f’cj (MPa)

12.5

Masonry prism

Compressive strength, f’cm (MPa)

14.2

Strain at ultimate compressive stress, ε0m

0.0026

Bond (couplet test)

Shear, τo (MPa)

0.875

Masonry unit

Compressive strength, f’cb (MPa)

15.6

Mortar

Compressive strength, f’cj (MPa)

13.03

Masonry prism

Compressive strength, f’cm (MPa)

11.4

Strain at ultimate compressive stress, ε0m

0.0025

Shear, τo (MPa)

0.875

Specimen 9

Specimen 11

Bond (couplet test)

6.2.Basha and Kaushik (2016)
The results of the experimental tests conducted by Basha and Kaushik (2016) have been briefly
reported in Section 2.2. The authors used fly-ash bricks in the infill panel, which is one of the
weakest types of masonry. The infill-frames were designed in accordance with the Indian
earthquake standards, and it was assumed that they would belong to the ground level of a twostory office building. The only specimens used in the current study were Specimens 1 and 3,
which have the notations of DB (ductile bare frame) and DFS (ductile bare frame with full-size
bricks), respectively. Specimen 1 was a ductile bare frame, and Specimen 3 was a ductile infillframe with full-scale bricks. The authors also considered the effect of the reinforced concrete
slab on the frame as illustrated in Figure 37. The specimens were under the effect of a vertical
load that corresponded to an axial load ratio of 1% of each column; however, the load was
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applied to the beam and not on the columns. The frames were under a slow-cyclic displacement
loading applied by a servo-controlled hydraulic actuator at the level of the slab (Figure 37).
The material properties of the masonry, concrete and reinforcing bars can be found in Table 7.
All specimens had an aspect ratio of 1:1 and the reinforcement detailing of the ductile frame is
illustrated in Figure 38. More detailed information about the material properties of the bricks
used in these specimens can be found in Basha and Kaushik (2014) and Basha and Kaushik
(2015).
.

Figure 37: Experimental setup and instrumentation used (Basha & Kaushik, 2016)
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Figure 38: Reinforcement details in the ductile frame (Basha and Kaushik, 2016)

Table 7: Material properties of Specimens 1 and 3 of Basha and Kaushik (2016)
Material

Properties

Values

Brick

Dimensions (mm)

230 x 110 x 75

Compressive strength, f’cb (MPa)

5.7

Modulus of elasticity, Ecb (MPa)

3900

Split tensile strength, f’tb (MPa)

0.54

Compressive strength, f’cj (MPa)

17.3

Modulus of elasticity, Ej (MPa)

7400

Flexural strength, f’fj (MPa)

3.78

Split tensile strength, f’tj (MPa)

1.2

Compressive strength, f’cm (MPa)

3.9

Modulus of elasticity, Em (MPa)

2700

Shear strength, f’w (MPa)

0.14

Modulus of rigidity, Gm (MPa)

730

Compressive strength, fck (MPa)

22.4

Modulus of elasticity, Ec (MPa)

23700

Mortar

Masonry prism

Masonry wallette

Concrete
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Longitudinal steel

Transverse reinforcement (6)
Transverse reinforcement (8)

Yield strength, fy (MPa)

460/365/530

Modulus of elasticity, Es (MPa)

200000

Yield strength, fy (MPa)

265/520

Modulus of elasticity, Es (MPa)

200000

Yield strength, fy (MPa)

460

Modulus of elasticity, Es (MPa)

200000

6.3.Suzuki et al. (2017)
The specimens in the study by Suzuki et al. (2017) were designed based on a prototype typical
Turkish RC building infilled with unreinforced masonry, and the tested specimens were
reduced to a scale of 1:4. Out of the five specimens that were tested, two were selected for this
study, Specimen BF, which is the bare frame, and Specimen 1S-1B, which is an infill-frame.
According to the authors, the frame of Specimen 1S-1B (Figure 39) had the same properties as
Specimen BF. The loading setup used for static cyclic loading is illustrated in Figure 40. The
vertical actuators applied a constant axial load of 35 kN at the top of the columns, and there
was a distributed load of 7.5 kN on each slab. The out-of-plane response during the tests was
eliminated with the use of two pantographs (Figure 40). Buildings in Turkey usually use hollow
clay bricks; however, concrete blocks were used in these tests. The authors modified the
cement-to-sand ratio of the concrete blocks to make their stiffness and strength similar to a
hollow clay brick. The properties of the materials used in the specimens are given in Table 8.
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Figure 39: Details of Specimen 1S-1B (Suzuki et al., 2017)
Table 8: Material properties of Specimens BF and 1S-1B of Suzuki et al. (2017)
Material

Properties

Values

Brick

Dimensions (mm)

95 x 47.5 x 50

Masonry prism

Compressive strength, f’cm (MPa)

8.4

Modulus of elasticity, Em (MPa)

4600

Strain at ultimate compressive stress, ε0m

0.001168

Compressive strength, fck (MPa)

22.4

Modulus of elasticity, Ec (MPa)

23700

Longitudinal steel

Yield strength, fy (MPa)

407

(6)

Modulus of elasticity, Es (MPa)

200000

Transverse

Yield strength, fy (MPa)

401

reinforcement (4)

Modulus of elasticity, Es (MPa)

210000

Concrete

Figure 40: Loading system applied to the specimens (Suzuki et al., 2017)

6.4.Pires (1990)
The results of the experimental tests by Pires (1990) were described in Section 2.2. The
specimens had a constant vertical load of 100 kN applied to each column to replicate the loading
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coming from the upper stories, followed by alternating horizontal displacements applied to the
centreline of the beam. The specimens from Pires (1990) selected for the current study were
Specimen M1, a bare frame, and Specimen M2, an infill-frame with ceramic bricks. Table 9
and 10 include the material properties of Specimens M1 and M2, respectively, and Figure 41
illustrates the geometric properties of the Specimen M2. The frame of Specimen M2 has the
same geometric properties as Specimen M1.
Table 9: Material properties of Specimen M1 of Pires (1990)
Material

Properties

Values

Concrete

Compressive strength, fck (MPa)

33.1

Longitudinal reinforcement (8)

Yield strength, fy (MPa)

519

Modulus of elasticity, Es (MPa)

190000

Yield strength, fy (MPa)

552

Modulus of elasticity, Es (MPa)

200000

Transverse reinforcement (4)

confinement section (4//50)
165
200

300

Column

(150x200)
1625
(150x150)

8x8
4//100

300
350
420 150

2100

Beam

150

6x8
4//100

200

150
150

150 420

Figure 41: Properties of Specimen M2. Dimensions are in millimetres (Braz-César, Oliveira,
& Barros, 2008)

Table 10: Material properties of Specimen M2 of Pires (1990)
Material

Properties

Values

Brick

Dimensions (mm)

298.9 x 184.5 x 144.0

Void ratio (%)

59.6
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Compressive strength, f’cb (MPa)

4.8

Mortar

Compressive strength, f’cj (MPa)

6.3

Masonry prism

Compressive strength, f’cm (MPa)

1.7

Modulus of elasticity, Em (MPa)

1838

Shear strength, f’w (MPa)

0.27

Masonry wallette

400Modulus

of rigidity, Gm (MPa)

480

Concrete

Compressive strength, fck (MPa)

28.3

Longitudinal

Yield strength, fy (MPa)

519

reinforcement (8)

Modulus of elasticity, Es (MPa)

190000

Transverse

Yield strength, fy (MPa)

552

reinforcement(4)

Modulus of elasticity, Es (MPa)

200000

6.5. Zhai et al. (2016)
Zhai et al. (2016) tested four full-scale reinforced concrete frames under a quasi-static cyclic
lateral load. Two of the four specimens were selected in this study: a bare frame, named
Specimen 1, and an infill-frame, named Specimen 2. A 700 kN vertical load was applied to
each of the columns, i.e. equivalent to 21% of the ultimate axial capacity of the column, which
is much larger than the value of 1% used for Basha and Kaushik (2016). The authors used
hollow concrete blocks in their experimental tests, and the void ratio of the block was 55%.
The material properties of the infill-frame are presented in Table 11. The reinforcement
detailing and geometry of the frame, as well as the masonry unit size, are shown in Figure 42.

Table 11: Material properties of the specimens by Zhai et al. (2016)
Material

Properties

Values

Concrete

Compressive strength, fck (MPa)

27.74

Strain at ultimate compressive stress, ε0

0.0019

Ultimate strain, εcu

0.0053

Strength at ultimate strain, f’cu (MPa)

8.36

Modulus of elasticity, Ec (MPa)

275300

Mortar

Compressive strength, f’cj (MPa)

4.56

Masonry units

Compressive strength parallel to hole, fmy (MPa)

2.80
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Compressive strength perpendicular to hole, fmx

1.34

(MPa)
Masonry

Compressive strength, f’cm (MPa)

1.90

Longitudinal reinforcement

Yield strength, fy (MPa)

472

(16)

Yield strain, εs

0.0026

Ultimate strength, fu (MPa)

656

Modulus of elasticity, Es (MPa)

182000

Transverse reinforcement

Yield strength, fy (MPa)

308

(8)

Yield strain, εs

0.0015

Ultimate strength, fu (MPa)

464

Modulus of elasticity, Es (MPa)

209000

Figure 42: Geometric properties of Specimens 1 and 2 (Zhai et al., 2016) (in mm)
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7. RESULTS
In this chapter, a number of infill-frame test specimens available from the literature are
analysed using the input macro script developed by Mohyeddin (2011). Additionally, two FE
infill-frame models from the literature, which were analysed for the full range of drift up to
collapse, were used for sensitivity analysis purposes. For every detailed FE infill-frame model,
a strut model was proposed, analysed and validated. The strut models were applied to the other
infill-frames considered in this study, and two strut models available in the literature were used
to analyse the infill-frames. These results and the sensitivity analyses were also used to
investigate which infill-frame properties affect the geometric properties of the struts the most;
any correlations found are discussed at the end of this chapter. The infill-frames and bare
frames were renamed as per Table 12 and 13, respectively, in order to make this research more
readily understood.
Table 12: Labelling/numbering of infill-frame specimens
Specimen number/label in
the original reference
8

Reference

Specimen label in this
study
M-IF-8

Mehrabi (1994)

9

Mehrabi (1994)

M-IF-9

11

Mehrabi (1994)

M-IF-11

DFS

Basha and Kaushik (2016)

B-IF

1S1B

Suzuki et al. (2017)

S-IF

M2

Pires (1990)

P-IF

2

Zhai et al. (2016)

Z-IF

Table 13: Names of bare frame specimens
Specimen number/label in
the original reference
1

Reference
Mehrabi (1994)

Specimen label in this
study
M-BF

Bare frame of Specimen 11

Mehrabi (1994)*

M-BF-11

DB

Basha and Kaushik (2016)

B-BF

BF

Suzuki et al. (2017)

S-BF

M1

Pires (1990)

P-BF

1

Zhai et al. (2016)

Z-BF

*The experimental test on the bare frame of Specimen 11 (Mehrabi, 1994) does not exist. A
detailed FE model was created and analysed.
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7.1. Experiments by Mehrabi (1994)
7.1.1.

Specimen M-BF

Specimen M-BF was the only bare frame specimen in the experiments performed by Mehrabi
(1994). This bare frame has the same geometric properties as the frame used in Specimen MIF-8 and M-IF-9; however, it has different concrete material properties, which were given in
Table 4 and Table 5. Additionally, the total vertical load, 𝐺 , applied to Specimens M-BF, MIF-8 and M-IF-9 was the same, but the distribution of the load was different (shown in Table
3).
As mentioned in Chapter 4, the detailed FE frame modelling in this study used a combination
of smeared reinforcement and smeared cracking, along with a stress-strain relationship that
accounts for the confinement effect of the stirrups. Mohyeddin (2011) analysed a bare frame
with smeared reinforcement and an unconfined concrete model and compared it to a similar
frame with a confined concrete model. He found that there were similarities between the two
analyses up to 0.8% drift. At that point, the lateral force value, which was about 30% less than
the experimental lateral force, remained constant for the remaining part of the analysis. In order
to investigate whether the modelling of reinforced concrete can be simplified, a similar type of
analysis was conducted in this study, in which the confined concrete model was used, but the
smeared stirrup reinforcement was removed. In other words, this was the opposite of what was
done in Mohyeddin (2011). Figure 43 shows the results of the FE analysis without stirrups in
comparison to the experiment and the analysis done by Mohyeddin (2011), which had both
included the confinement effect and stirrups. The dashed force-drift curve below has some
similarities to the analysis with no confinement effect by Mohyeddin (2011). Figure 43 shows
that both of the FE analyses were similar up to about 0.7% drift, but at that point, the analysis
without stirrups reached a plateau. The ultimate lateral load, 𝐿

, of the analysis without

stirrups is about 15% lower than the ultimate load reached in the experimental bare frame
specimen. This further proves the conclusion made by Mohyeddin (2011) that both the
confinement effect and the stirrups need to be included in the modelling of concrete frames
using ANSYS.
Specimen M-BF was also used to validate the frame used in Specimens M-IF-8 and M-IF-9, as
they had the same geometry. Figure 44 shows the macro and micro bare-frame analyses of
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Specimen M-BF and the experimental results. These results demonstrate that the macro bareframe model had the same force-drift response to that of the micro-model, and both of the FE
analyses had a higher stiffness than the experiment. According to Mohyeddin (2011), this
higher stiffness is connected to the fact that the frame is assumed to be uncracked at the early
stages of loading because the primary cracks due to shrinkage are not incorporated in the model.
Other FE modelling software, such as DIANA FEA (2019), are more capable of incorporating
shrinkage in their models and offer concrete shrinkage models for various Model Codes.
According to Wang, Peng, and Zhao (2014), one way to include shrinkage of concrete in
ANSYS is to apply the theory of non-linear moisture diffusion, which requires a thermalstructural analysis.

Lateral Force (kN)

100
75
50

Experimental (M-BF)

25

Micro FE model - with stirrups
Micro FE model - no stirrups

0
0.0

0.5

1.0
Lateral Drift (%)

1.5

2.0

Figure 43: Experimental and micro FE force-drift curves for models with and without stirrups
of Specimen M-BF
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Lateral Force (kN)

100
75
50

Experimental (M-BF)
Micro FE model

25

Macro FE model
0
0.0

0.5

1.0

1.5

2.0

Lateral Drift (%)

Figure 44: Force-drift curves of the experimental test and the FE models at macro and micro
levels (Specimen M-BF)
7.1.2.

Specimen M-IF-8

Mohyeddin (2011) analysed an infill-frame that replicated Specimen M-IF-8. Figure 45 shows
the force-drift curve from the detailed finite element model analysis (micro FE model) of
Mohyeddin (2011), which was similar to the experimental force-drift curve of Specimen MIF-8. More details about the analysis and the parameters considered are found in Mohyeddin
(2011).
The load paths in the panel from the FE analyses of Specimen M-IF-8 at five different drift
values close to the drift at the ultimate lateral load, 𝐷

, were used to define the geometric

properties of the struts for an equivalent strut model of the infill-frame. The load paths in the
infill panel related to any specific drift value are identified by plotting the maximum
compressive principal stresses in the infill panel. An example of this is shown in Figure 46,
which illustrates such compressive stresses in M-IF-8 specimen at 0.59% drift. Table 14
displays the drift values used and the lateral force at each drift. The force-drift curves of the
strut models, obtained at each of the five drifts, are illustrated in Figure 47. The ultimate load
in the detailed FE model analysis occurred at a drift value of 0.50%. The strut model
constructed based on the load paths at this drift had the widest compressive struts out of all the
five drifts. The wider struts also made this strut model reach the highest 𝐿

compared to the

other analyses. The strut model developed based on the load paths at 0.59% drift value reached
the lowest 𝐿
experimental.

. The force-drift curve from this strut model was closest to that of the
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Lateral Force (kN)

250
200
150
100

Experimental (M-IF-8)

50

Detailed FE model (Mohyeddin, 2011)

0
0.0

0.5

1.0
1.5
Lateral Drift (%)

2.0

Figure 45: Experimental and detailed FE model force-drift curves for Specimen M-IF-8
(Mohyeddin, 2011)

Figure 46: Load paths in the infill panel of Specimen M-IF-8 at 0.59% drift based on the
detailed FE analysis
Table 14: Lateral force at each drift value during the detailed FE model analysis
Drift (%)

Lateral Force (kN)

0.46

182.6

0.50

188.6 (maximum)

0.55

172.5

0.59

165.4

0.63

175.7

Figure 48 shows the strut model created based on the load paths shown in Figure 46. Regarding
the properties of this strut model, one can see that the outer struts had almost identical widths,
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i.e. the width of the strut on the left and right-hand side were 14% and 13% of the infill’s
diagonal, respectively. The strut in the middle had a width of 6% of the infill’s diagonal. The
sum of each strut width is equal to 33% of the diagonal of the infill. Furthermore, the struts had
similar angles with respect to the horizontal, and there is approximately a 2-fold (180°)

Experimental (M-IF-8)
Strut model - 0.46% drift
0.5
1.0
1.5
Lateral Drift (%)

300
250
200
150
100
50
0

Strut model - 0.55% drift
0.0

0.5

1.0

1.5

Lateral Drift (%)

300
250
200
150
100
50
0

300
250
200
150
100
50
0

2.0

Experimental (M-IF-8)
Strut model - 0.50% drift
0.0

2.0

Experimental (M-IF-8)

Lateral Force (kN)

Lateral Force (kN)

0.0

Lateral Force (kN)

300
250
200
150
100
50
0

0.5
1.0
1.5
Lateral Drift (%)

300
250
200
150
100
50
0

Lateral Force (kN)

Lateral Force (kN)

rotational symmetry in the strut model.

Experimental (M-IF-8)
Strut model - 0.59% drift
0.0

0.5
1.0
1.5
Lateral Drift (%)

Experimental (M-IF-8)
Strut model - 0.63% drift
0.0

2.0

0.5
1.0
1.5
Lateral Drift (%)

2.0

Figure 47: Experimental and strut model force-drift curves for Specimen M-IF-8.

2.0
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Figure 48: Strut model of Specimen M-IF-8 related to 0.59% drift
7.1.2.1.

Vertical load distribution: source of error and difference between the infill-

frame and strut model
One of the main differences between the infill-frame experiments is how the vertical (gravity)
loading is distributed among the beam and columns of the frame. All the frames analysed in
this study had vertical loads acting on the structure; however, the way in which these loads
were distributed varied from one experiment to the other.
Specimens M-IF-8, M-IF-9 and M-IF-11 had the same amount of vertical load acting on the
infill-frame and the same load distribution between the columns and the beam, i.e. one-third of
the total load was applied to each of the columns, and one-third was distributed along the beam.
In the detailed FE analyses of these specimens, the vertical load distribution was the same as
the experiment. Some observations were made when the vertical load was applied to the strut
model in the same manner: the analysis started at a negative drift, there was an artificial
increase in 𝐿

, and a premature failure of the strut(s) leading to an early collapse of the

structure occurred. Specimen M-IF-8 is used in this section to further explain the cause of these
differences between the infill-frame experiment, the detailed FE model, and the strut model.
Two types of vertical load distribution were used in the strut model analyses. In the first
analysis, 𝐺 was divided in half and applied on the two columns. In the second analysis, the
load distribution was the same as the experiment, i.e. one-third of the load on each of the
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columns, and one-third on the beam. When the load was applied only on the columns, the forcedrift response of the strut model (constructed based on the results at 0.59% drift) was similar
to that of the experiment (Figure 49). When the same strut model was used with a vertical load
distribution identical to that of the experiment, the force-drift curve was significantly different
as seen in Figure 50, which illustrates that there was an increase in 𝐿

, a premature collapse

and the force-drift curve did not start from 0% drift as it occurred in Figure 49.

Lateral Force (kN)

250
200
150
100
50

Experimental (M-IF-8)
Strut model - vertical load
applied on columns

0
-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Lateral Drift (%)

Figure 49: Experimental and strut model force-drift curves for Specimen M-IF-8 when the
load was applied only to the columns

Lateral Force (kN)

250
200
150
100
50

Experimental (M-IF-8)
Strut model - vertical load applied as
experiment

0
-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Lateral Drift (%)

Figure 50: Experimental and strut model force-drift curves for Specimen M-IF-8 when the
vertical load was applied in the same way as the experiment
It was found that when a high value of vertical load was applied to the beam before the lateral
load, the infill-frame and the strut model behaved differently. The reason is that when the
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vertical load is applied to the actual infill-frame, it does not cause any lateral drift (the structure
is symmetric). Figure 51 shows the load paths vectors of Specimen M-IF-8 after the vertical
load was applied to the infill-frame, which are in the vertical direction. However, when the
vertical load is applied to the strut model (Figure 52), due to the angle of struts (and the fact
that the structure is not symmetric), there will be a lateral negative drift in the structure as well.
In this case, the negative drift value was 0.1%.

Figure 51: Load paths in the detailed FE model of Specimen M-IF-8 after the application of
the vertical load

Figure 52: Axial load in the struts after the application of the vertical load
The application of the vertical load on the beam of a strut model also caused premature failure
of the struts. The axial load in the three struts from the two analyses (i.e. with and without the
vertical load on the beam) are shown in Figure 53 and 52. The figures show that the only strut
that behaved similarly in both situations was Strut 1. This similar behaviour is expected because
Strut 1 was connected to the column and not the beam. When the vertical load was applied only
to the columns, Strut 3 did not reach its maximum capacity. Strut 2 reached its maximum
capacity, but its strength decreased at a slower rate because Strut 3 was still contributing. Strut
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2 had about 42% of the width of Strut 3 for this particular strut model; hence, its maximum
axial capacity was considerably lower. The force-drift curves of Strut 3 from the two analyses
demonstrate why there is also a significant difference between the two cases regarding the
ultimate lateral load of the infill-frame and the shape of their force-drift curves. As shown in
Figure 54, this strut had already reached 45 kN, 29% of its capacity, before the application of
the lateral load, and received most of the vertical load that was applied to the beam. A
contributing factor here was also the position of Strut 3, i.e. being close to the centre of the
beam, and that its width was much larger than Strut 2.

Axial Load (kN)

200

Strut 1
Strut 2
Strut 3

150
100
50

0
-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Lateral Drift (%)

Figure 53: Axial load in the struts when the vertical load was applied only to the columns

Strut 1
Strut 2
Strut 3

Axial Load (kN)

200
150
100
50

0
-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Lateral Drift (%)

Figure 54: Axial load in the struts when the vertical load distribution was the same as the
experiment
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Based on the above, one simple solution to remove these issues caused by a high vertical load
acting on the beam would be to deduct a constant lateral load of 40 kN, which is the load at 0%
drift, from the strut model force-drift curve shown in Figure 50. The resulting graph, shown in
Figure 55, demonstrates that the issue of a higher lateral load was removed, but the failure of
the strut before it reaches the ultimate drift would still be present.

Lateral Force (kN)

250
200
150
100
50

Experimental (M-IF-8)

Strut model - reduced lateral load
0
-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Lateral Drift (%)

Figure 55: Experimental and strut model force-drift curves for Specimen M-IF-8 when the
vertical load applied was the same as the experiment after corrections due to negative drift
Another solution, which is also the one applied in this study, is to apply the vertical load on the
columns only in the strut model. This solution would remove both issues of a higher artificial
lateral resistance of the model and also the premature failure of the struts that are directly
connected to the beam.
Finally, one could also argue that a model used for cyclic loading with a symmetrical
arrangement of struts would eliminate the issue of negative drift without the application of the
above solution; however, the issue of the failure due to excessive axial force in struts would
still persist due to their angles with the vertical.
7.1.2.2.

Sensitivity analysis with vertical load values

A sensitivity analysis was conducted to investigate how the vertical load affects the strut
formation and the force-drift curve of the detailed FE infill-frame analyses. Table 15
summarises the vertical load values and distribution used for this purpose. The force-drift
curves from the four analyses were compared to the detailed FE model force-drift curve of
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Specimen M-IF-8 done by Mohyeddin (2011), which had the same vertical load values and
distribution as the experiment. An attempt was made to run an analysis of Specimen M-IF-8 in
which 𝐺 was the same as the experiment but applied only on the columns, i.e. 146.8 kN on
each column. This model had convergence issues at very early stages that were likely because
of the less confinement effect on the infill panel (resulting in the instability of contact
elements). An analysis with double the vertical load, applied only to the columns, was also
conducted (M-IF-8-DLCO), which was successful. The analysis with half the load of Specimen
M-IF-8, applied to the beam and columns, also had convergence issues at around 1% drift value
(M-IF-8-HLCB).
Table 15: Vertical load variations in the sensitivity analysis of Specimen M-IF-8
Analysis Name

Total vertical load (kN)

Each column (kN)

Beam (kN)

M-IF-8(Mohyeddin, 2011)

293.6

97.9

97.9

M-IF-8-DLCB

587.2

195.7

195.7

M-IF-8-DLCO

587.2

293.6

-

M-IF-8-HLCB

146.8

48.9

48.9

M-IF-8-ELDB

293.6

48.9

195.7

Figure 56 compares the two analyses where the 𝐺 was double the amount used in M-IF-8, i.e.
M-IF-8-DLCB and M-IF-8-DLCO. These figures show the significance of the confinement
effect on the infill panel provided by the vertical load on the beam 𝐺 , i.e. increasing 𝐿

in

the analysis M-IF-8-DLCB. In contrast, M-IF-8-DLCO, which also had double the vertical load
of M-IF-8, reached a similar 𝐿

to that of M-IF-8 with a similar force-drift response, but a

lower stiffness that may be attributed to the lesser masonry confinement in this analysis.
Although these two models had the same amount of 𝐺 , the analysis with some of 𝐺 reached
a 40% higher 𝐿

. The shape of the force-drift curves also changed significantly between the

two analyses. In M-IF-8-DLCO, 𝐿
reached at 0.57% drift.

was reached at 0.97% drift, and in M-IF-8-DLCB, it was
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Figure 56: M-IF-8 force-drift curves from the experiment and three detailed FE models with
different vertical load values and distributions
Figure 57 shows the force-drift curves of M-IF-8-HLCB, M-IF-8-DLCB and M-IF-8. All of
these three FE analyses had the same vertical load distribution, i.e. one-third of the total load
on each of the columns and one-third distributed on the beam. M-IF-8-HLCB failed at 1% drift
value due to convergence issues, but the results are still applicable for comparison purposes
and struts visualisation. The early failure of the analysis may be due to the low amount of
vertical load acting on the infill. At very early stages and up to 0.05% drift the stiffness is the
same for the three analyses. M-IF-8 had a 𝐺 that is 200% higher than that of M-IF-8-HLCB,
and reached a 20% higher 𝐿
8; in this case, 𝐿

. M-IF-8-DLCB had a 𝐺 that is 200% higher than that of M-IF-

is 36% higher than that of the original FE model (M-IF-8).
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Figure 57: Force-displacement curves of three detailed FE models with the same vertical load
distribution, on the columns and beam, but different 𝐺 values
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Figure 58 illustrates the force-drift curves of M-IF-8 (FE) and M-IF-8-ELDB. Both of the
models had the same amount of vertical load with different distribution between the columns
and beam. Consistent with the previous observations, M-IF-8-ELDB reached a 16% higher
𝐿

due to a better confinement effect on the panel. The force-drift curves illustrated in Figure

56 through to 56 show that changes in the vertical load values and its distribution can have a
significant effect on 𝐿

and some impact on the initial stiffness of the infill-frame.
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Figure 58: Force-drift curves of two detailed FE models with the same 𝐺 and different
distribution between the columns and beam
Figure 59 through to 64 show the load paths, the equivalent strut models and the force-drift
curves of the strut models compared to those of their detailed FE models. The geometric
properties of the struts were obtained at a range of drift values between 0.50% and 0.62%. Both
of the infill-frames with double the original vertical load had two-strut equivalent models;
however, the total width and the angle of struts were different. M-IF-8-DLCB (Figure 59) had
a total strut width of 40% of the infill’s diagonal and M-IF-8-DLCO (Figure 61) had a total
strut width of 25% of the diagonal, 23% higher and 23% lower than that of M-IF-8,
respectively. These results show that the values of 𝐺 mainly affected the total strut width. The
strut models of M-IF-8-ELDB and M-IF-8-HLCB had three struts and the positions of struts
were similar to that of M-IF-8. The total width of the struts in M-IF-8-HLCB (Figure 63) and
M-IF-8-ELDB (Figure 65) were 34% lower and 18% higher than that of M-IF-8, respectively.
The load paths of M-IF-8-ELDB and M-IF-8 (same 𝐺 ) are very similar except for the width
of the middle strut in M-IF-8-ELDB, which significantly increased due to the extra load applied
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on the beam. In the case of M-IF-8-DLCB only, the strut closer to the leeward column was
larger than the one closer to the windward column, which is likely related to the high amount
of 𝐺 in this model, which causes a larger contact area between the beam and the infill panel
throughout the analysis. This can explain why both struts have a larger width in this infillframe; however, the effect is more pronounced in the strut closer to the leeward column as the
vertical load restrains the upward movement of the beam.
Based on the above, one can conclude that the changes in the amount of vertical load and its
distribution had a significant effect on the geometric properties of the struts, which further
shows the importance of a case-specific strut modelling technique.

Figure 59: Load paths at 0.62% drift (left) and strut model (right) of Specimen M-IF-8-DLCB
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Figure 60: Comparison between the force-drift curves from detailed FE model and the strut
model of Specimen M-IF-8-DLCB
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Figure 61: Load paths at 0.50% drift (left) and strut model (right) of Specimen M-IF-8DLCO
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Figure 62: Comparison between the force-drift curves from detailed FE model and the strut
model of Specimen M-IF-8-DLCO

Figure 63: Load paths at 0.53% drift (left) and strut model (right) of Specimen M-IF-8-HLCB
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Figure 64: Comparison between the force-drift curves from detailed FE model and the strut
model of Specimen M-IF-8-HLCB

Figure 65: Load paths at 0.60% drift (left) and strut model (right) of Specimen M-IF-8-ELCB
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Figure 66: Comparison between the force-drift curves from detailed FE model and the strut
model of Specimen M-IF-8-ELCB

P a g e | 113
7.1.2.3.

Sensitivity analysis using material properties

Six FE analyses from Mohyeddin (2011) and Mohyeddin, Goldsworthy, and Gad (2013b) of
Specimen M-IF-8 were selected in order to investigate how sensitive the strut formation in the
infill panel is to variations in the masonry material property. In these six analyses, certain
masonry material properties were increased or decreased by 25% in comparison to the original
values. The masonry material properties that were varied were 𝑓’
compressive strength), 𝑓’

(ultimate masonry tensile strength) and 𝜀

(ultimate masonry
(strain at which the

ultimate masonry compressive strength is achieved). Table 16 summarises the material
property variations related to each of the analyses.
Table 16: Masonry material property variables in the sensitivity analysis of Specimen M-IF-8
Analysis No.

𝒇′𝒄𝒎 (MPa)

𝜺𝟎𝒎

𝒇′𝒕𝒎 (MPa)

M-IF-8 (Mohyeddin, 2011)

9.5

0.0027

0.95

M-IF-8-2

1.25*9.5

0.0027

1.25*0.95

M-IF-8-3

0.75*9.5

0.0027

0.75*0.95

M-IF-8-4

9.5

1.25*0.0027

0.95

M-IF-8-5

9.5

0.75*0.0028

0.95

M-IF-8-6

9.5

0.0027

1.25*0.95

M-IF-8-7

9.5

0.0027

0.75*0.95

The strut models that best represented the behaviour of their respective infill-frames were found
to be the ones that were constructed based on the load paths related to a range of drift between
0.5% and 0.76%, which also includes the drift value of 0.59% used for analysis M-IF-8. The
force-drift result from each strut model was compared to that of the detailed FE model for
validation purposes (Figure 67). It is important to note that in the two analyses with a variation
solely in 𝑓’

, ie. M-IF-8-6 and M-IF-8-7, there was no alteration in 𝑓’

in OpenSees because

of the concrete material used, which has zero tensile strength, as explained in Chapter 4. In all
cases, the strut model was able to capture the highly nonlinear behaviour of the infill-frame.
The infill-frame with a 25% lower 𝜀
analyses. Also, 𝐿

had the largest difference, 7%, in 𝐿

was reached at 0.46% and 0.81% drift, in the detailed FE model and the

strut model, respectively. The strut model with a lower 𝑓’
𝐷

between the

; and the strut model with the 25% higher 𝑓’

had the most similar value for

had the same 𝐿

as the detailed FE model.
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All strut models were also able to capture the post-failure behaviour of the FE infill-frame
models. The largest difference between the two curves after 1.5% drift was shown in analysis
M-IF-8-2, where 𝑓’

and 𝑓’

were 25% higher. The strut model underestimated the lateral

force values towards the end of this analysis.
All of the strut models had three struts and a similar strut width distribution amongst the struts.
In all models, the outer struts (w1 and w3) had a similar width, an average of 14% and 13% of
the infill’s diagonal, d, respectively. The middle strut (w2) was always the narrowest, and it had
an average width of 8% of d. The average total strut width was 36% of d with a coefficient of
variation (CoV) of 10%. Figure 68 illustrates the envelope and centreline of the struts related
to these seven analyses, which demonstrates that the strut positions remained similar despite
the variations in masonry material properties. An equivalent strut model was developed for
Specimen M-IF-8 by averaging the strut widths and the strut locations of all the seven analyses.
Figure 69 illustrates the geometric properties of the struts of this model, where h and l are the
height and length of the frame measured between the centrelines of the columns and beam.
The average strut model developed for this specimen was applied to the seven infill-frames,
M-IF-8 and M-IF-8-2 through to M-IF-8-7, and the results are presented in Figure 70 and 69.
The strut models had identical geometrical properties; therefore, the only variation between the
seven strut model analyses was the material properties of the struts (given in Table 16). The
largest difference in the 𝐿

occurred in the analysis with the highest 𝜀

, where the average

strut model reached a value that is 12% higher than that of the FE infill-frame model. The
analysis with the lowest 𝑓’

was the only strut model that had 𝐿

lower than the detailed FE

analysis by 5%. These results show that the average strut model could capture the nonlinear
behaviour of all variations of Specimen M-IF-8 and that a 25% variation in the material
property of masonry did not cause any meaningful variation in the geometric properties of the
struts.
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Figure 67: Comparison between the results from the detailed FE models and the strut models
of Specimens M-IF-8-2 to M-IF-8-7
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Figure 68: Envelope of strut widths (left) and centreline of struts (right) based on the seven
strut models used for sensitivity analysis of Specimen M-IF-8

Figure 69: Average strut model for Specimen M-IF-8
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Figure 70: Comparison between the force-drift curves of the experiment, the detailed FE
model and the average strut model of Specimen M-IF-8
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Figure 71: Comparison between the force-drift curves from the detailed FE models and the
average strut model for Specimens M-IF-8-2 to M-IF-8-7
7.1.3.

Specimen M-IF-9

Mohyeddin (2011) performed an FE analysis on Specimen M-IF-9. The experiment and the FE
model reached similar 𝐿

values; however, the stiffness in the FE model past 100 kN was

considerably lower than that of the experiment (as presented in Figure 72). According to
Mohyeddin (2011), a premature change in the stiffness of the FE infill-frame occurred at this
point and the author attributed this change to a sudden sliding of the infill panel along the bed
joints. It was found that when the geometric properties of the struts were measured at a drift of
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0.72% (Figure 73), the strut model captured well the behaviour of the infill-frame, as illustrated

Lateral Force (kN)

in Figure 74.
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Figure 72: Experimental and detailed FE model force-drift curves for Specimen M-IF-9

(Mohyeddin, 2011)
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Figure 73: Load paths (left) and strut model (right) of Specimen M-IF-9
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Figure 74: Experimental and strut model force-drift curves for Specimen M-IF-9
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At this particular drift in the analysis, only two struts were visible in the panel. The sum of the
width of the two struts was equal to 20% of the panel’s diagonal. The total strut width was
considerably lower than that of Specimen M-IF-8 and there was no middle strut present. These
differences between the two infill-frames are attributed to the larger thickness of the masonry
in Specimen M-IF-9, which is almost double of M-IF-8 and is the only geometric difference
between the two infill-frames.
7.1.3.1.

Sensitivity analysis using material properties

Mohyeddin (2011) did a sensitivity analysis of Specimen M-IF-8 using detailed FE models and
these results were used in Section 7.1.2.3. In the current study, the same sensitivity analysis is
conducted where the masonry material properties of Specimen M-IF-9 are increased and
decreased by 25%, as presented in Table 17, to investigate further the impact of this variation
on the force-drift curve of the detailed FE models and on the geometric properties of the struts.
Table 17: Masonry material property variables in the sensitivity analysis of Specimen M-IF-9
Analysis No.

𝒇’𝒄𝒎 (MPa)

𝜺𝟎𝒎

𝒇’𝒕𝒎 (MPa)

M-IF-9 (Mohyeddin, 2011)

14.21

0.0026

1.72

M-IF-9-2

1.25*14.21

0.0026

1.25*1.72

M-IF-9-3

0.75*14.21

0.0026

0.75*1.72

M-IF-9-4

14.21

1.25*0.0026

1.72

M-IF-9-5

14.21

0.75*0.0026

1.72

M-IF-9-6

14.21

0.0026

1.25*1.72

M-IF-9-7

14.21

0.0026

0.75*1.72

Figure 75 to Figure 83 show the force-drift curves of analyses M-IF-9-2 to M-IF-9-7 in
comparison with the experimental force-drift curve (dotted line) and that of the detailed FE
infill-frame model (continuous line) of Specimen M-IF-9, which is used as a benchmark for
the other analyses. There was a similar behaviour between the sensitivity analysis performed
in this study for Specimen M-IF-9 and the ones done by Mohyeddin (2011) for Specimen MIF-8. Figure 75 illustrates a significant increase in the stiffness of Specimen M-IF-9-2, as well
as an increase in 𝐿

. This increase is related to the 25% increase in 𝑓’

and 𝑓’

. Analysis

M-IF-9-3, shown in Figure 76, had a similar behaviour to M-IF-9 up to the value of 0.2% drift;
however, after this drift value, the lateral force was considerably lower due to a weaker
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masonry material. The ultimate lateral load for analyses M-IF-9-2 and M-IF-9-3 was 10%

Lateral Force (kN)

higher and 10% lower, respectively, than analysis M-IF-9 (Figure 77).
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Figure 75: Force-drift curves from two analyses with different masonry strengths (25%
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Figure 76: Force-drift curves from two analyses with different masonry strengths (25%
reduction)
The analysis with a 25% increase in 𝜀
the 𝐷

. In analysis M-IF-9, the 𝐿

(M-IF-9-4), shown in Figure 78, had an increase in

was reached at a drift value of 0.74%, and in analysis M-

IF-9-4, it was reached at 0.9% drift, i.e. a 16% increase. It would make sense for 𝐷

of

analysis M-IF-9-5 (Figure 79) to be lower than this value in M-IF-9. However, this did not
occur, and 𝐿

of the infill-frame occurred at similar drifts for both analyses. This may be due

to a decrease in stiffness and strength in the detailed FE analysis of M-IF-9-5 before 𝐿

was

reached (at 0.4% drift), which was earlier than when it first occurred in the other analyses. The
three analyses shown in Figure 80 had very similar force-drift curves up to a drift of about
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0.75% and it is clear that the 𝜀
higher 𝜀

and lower 𝜀

,𝐿

value had a small influence on 𝐿

was 4% higher and 4% lower, respectively, than that of M-IF-

9. The results suggest that a higher 𝜀
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Figure 77: Force-drift curves from three analyses with different masonry strengths (50%
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Figure 78: Force-drift curves from two analyses with different values of 𝜀

(25% increase)

Figure 81 and 80 show the finite element analyses in which there was a 25% increase and
decrease in 𝑓’

, respectively. These two analyses also had similar behaviours to the respective

analyses performed on Specimen M-IF-8 in Mohyeddin (2011). In Figure 82, there is an
unusual response from Specimen M-IF-9-7, which had a masonry infill with lower 𝑓’
expected result would be for the infill-frame to have a lower 𝐿

. The

and stiffness, which is not the

case. Mohyeddin (2011) found that in the infill-frames with the original and the higher 𝑓’
the cracks occurred along the compressive struts (load paths). The author stated that it was
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common for these to start at the location of the compressive struts, because 𝑓’

decreases in

a tension-compression stress state, and this caused the compressive struts to narrow. However,
in the model with lower 𝑓’

, the cracks were located between the compressive struts causing

Lateral Force (kN)

the struts to maintain their width and allowing the infill-frame to reach a higher lateral load.
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Figure 79: Force-drift curves from two analyses with different values of 𝜀
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Figure 80: Force-drift curves from three analyses with different values of 𝜀

(50%

variation)
Mohyeddin (2011) also investigated why the cracks appeared in different positions between
these analyses by further analysing the crack patterns in the infill. He found that in the model
with lower 𝑓’

, the cracking initiates at a lower drift than it does in the infill-frames with 𝑓’

.

According to the author, a “displacement conformity” between the frame and the infill panel
caused some masonry units to bend causing a weak region, and also these early cracks to form.
In the model with lower 𝑓’
did not affect them.

, this weak region occurred between the compressive struts and
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Specimen M-IF-9 and M-IF-9-6 had similar force-drift curves up to the value of 0.65% drift
(presented in Figure 82). After this drift, analysis M-IF-9-6 had lower lateral force values. It is
possible that the effect due to the location of the cracks occurred in the original analysis in
comparison to the one with higher 𝑓’

and caused the lower lateral force values. The ultimate

lateral load of the analyses with lower and higher 𝑓’

(shown in Figure 83) was 5% higher

and 5% lower, respectively, than that of analysis M-IF-9.
The sensitivity analysis on the detailed FE model of Specimen M-IF-9 shows that all of the
analyses had similar lateral force values up to a drift of 0.5%. Similar to M-IF-8, the changes
in the material properties of the masonry did not have a significant effect on the detailed FE
force-drift curves.
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Figure 81: Force-drift curves from two analyses with different 𝑓’

(25% increase)

A strut model was created using the procedure explained in Section 7.1.2.3 for each of the
analyses conducted on Specimen M-IF-9. The geometric properties of the strut models with a
variation in masonry material properties were obtained at drift values between 0.76% and
0.97%. The force-drift curves of the strut models and the detailed FE models are compared in
Figure 84. The strut models from Specimens M-IF-9-2 and M-IF-9-3 accurately captured the
behaviour of the detailed FE model in terms of 𝐿

and the residual strength. The force-drift

curves of the detailed FE analyses M-IF-9-2 and M-IF-9-3 had very different shapes, and the
corresponding strut models captured the response accurately, which shows the efficiency of
case-specific strut modelling. Similar to what was observed form the analyses on M-IF-8, the
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force-drift curves of these two strut models demonstrated how the 𝜀

affected 𝐷

. The

ultimate lateral load of the strut model was reached at 0.79% drift in M-IF-9-4, and 0.56% drift
in M-IF-9-5. The results demonstrate that
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Figure 82: Force-drift curves from two analyses with different 𝑓’

(25% reduction)
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Figure 83: Force-drift curves from three analyses with different 𝑓’

the 𝜀

(50% variation)

value affected the force-drift curves of the strut models more than the force-drift curves

of the FE infill-frame models. It is likely that the lesser confinement in the strut model makes
it more sensitive to changes in the masonry stress-strain curve. In the two analyses with a
variation solely in 𝑓’

, there was no alteration in the 𝑓’

material used as explained in Chapter 4. Although 𝑓’

in OpenSees because of the concrete
was not modified in the strut model,

the force-drift curves of the detailed FE and strut model were still very similar.
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Figure 84: Comparison between the force-drift curves from the detailed FE models and the
strut models of Specimens M-IF-9-2 to M-IF-9-7
The envelope and the centreline of the struts of the seven models are shown in Figure 85.
Similar to M-IF-8, there was not a significant variation in strut width and position related to
the variations of Specimens M-IF-9. The average total strut width was 17.5% of d with a CoV
of 11.5%. The average strut model created for Specimen M-IF-9 is illustrated in Figure 86,
which has similar strut widths and positions to the strut model created for the original analysis
of M-IF-9. This similarity also underpins the outcome of the sensitivity analysis of M-IF-8
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presented in the previous section, i.e. it demonstrated that the geometric properties of struts
were similar considering the 25% variation in the infill material properties.

Figure 85: Envelope of strut widths (left) and centreline of struts (right) based on the seven
strut models used for sensitivity analysis of Specimen M-IF-9

Figure 86: Average strut model for Specimen M-IF-9
The average strut model was applied to the M-IF-9 infill-frame and all of its variations used in
the sensitivity analysis. Figure 87 shows the force-drift curve of the average strut model of MIF-9, with no variations in material property, which reached the same 𝐿

as the experiment.

Figure 88 shows the comparison between the force-drift of the average strut models and their
respective detailed FE infill-frame model. The strut models with the largest 𝐿

difference in

comparison to the infill-frames were M-IF-9-2 and M-IF-9-6. They both overestimated the FE
analysis by 15%. The average strut model with a lower 𝑓′
captured 𝐿

of the detailed FE model.

and 𝑓′

, M-IF-9-3, perfectly

Lateral Force (kN)
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Figure 87: Comparison between the force-drift curves of the experiment and the average strut
model of Specimen M-IF-9
The ultimate lateral load of the six average strut models was reached at a drift that was lower
than that of their respective FE infill-frame model. The analysis with a higher 𝑓′
had the most similar 𝐷

and 𝑓′

. After 1.5% drift, the average strut models generally overestimated

the lateral force values. The stress of the masonry at ultimate strain, 𝑓′

, has a significant

impact on the residual strength of the strut model; therefore, this overestimation could also be
related to the fact that the strut model is more sensitive to the masonry stress-strain curve than
the FE model.
In the average strut model, with no variation in material property, 𝐿

was reached at a drift of

0.66%. In the analyses with a 25% higher and lower 𝜀

, this drift value was 0.78% and 0.51%,

respectively. Therefore, it is safe to assume that the 𝜀

affected 𝐷

was modified in the detailed FE analyses, the variation of 𝐷
FE model with a higher 𝜀
model with lower 𝜀

did result in a higher 𝐷

. When the same property

was not as explicit. The detailed

than the original analysis; however, the

did not result in a lower drift value. These results confirm again that the

strut models are more sensitive to changes in 𝜀

values than the detailed FE models of infill-

frames.
Generally, the strut models displayed in Figure 84 and 86 were able to capture the behaviour
of the detailed FE model. Although the strut model results in Figure 84 are more accurate, the
results from the average strut model (Figure 88) are certainly acceptable considering the
simplifications made. These results further confirm that the amount of variation in the material
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properties of the masonry that were explored here do not have a significant impact on the struts
formation, and hence the strut models, which was also the conclusion made in Section 7.1.2.3.
This result is specifically important when using strut models for design purposes given that the
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masonry material generally shows a high level of variation in their mechanical properties.
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Figure 88: Comparison between the force-drift curves from the detailed FE models and the
average strut models of Specimens M-IF-9-2 to M-IF-9-7
7.1.4.

Specimen M-BF-11

Mehrabi (1994) did not perform an individual experiment on the bare-frame of Specimen MIF-11. Therefore, a detailed FE model of the bare frame (M-BF-11) was constructed using the
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input script of Mohyeddin (2011). Figure 89 shows the detailed FE model force-drift curve of
Specimen M-BF-11 and M-BF along with the experimental force-drift curve of Specimen MBF. The ultimate lateral load of Specimen M-BF-11 is lower than that of the FE analysis of
Specimen M-BF that is related to the concrete strength of M-BF, which is 20% higher than the
one used for the frame of Specimen M-IF-11. The bare frame specimen was also analysed at a
macro level and its force-drift curve is illustrated in Figure 90. The similarities between both
curves demonstrate that this bare frame model is suitable for the strut model analysis of
Specimen M-IF-11.
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Figure 89: Force-drift curves of Specimen M-BF and the detailed FE model of Specimen MBF (Mohyeddin, 2011) and M-BF-11
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Figure 90: Force-drift curves of the FE models at macro and micro levels (Specimen M-BF11)
7.1.5.

Specimen M-IF-11

The material, geometric and loading properties of Specimen M-IF-11 were given in Chapter 6.
Comparing the geometric properties of Specimens M-IF-9 and M-IF-11, the only difference
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between the two is the span of the infill-frame, which is 35% larger than that of M-IF-9. The
ultimate lateral load of the two infill-frames is almost the same; however, Specimen M-IF-11
had a higher stiffness. The detailed FE model of M-IF-11 was analysed up to a drift value of
0.32%, at which the load paths in the panel clearly formed. The force-drift curve of the detailed
FE model is compared to that of the experiment in Figure 91.
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Figure 91: Experimental and detailed FE model force-drift curves for Specimen M-IF-11
The load paths shown in Figure 92 were used to construct the strut model of this specimen.
Figure 93 shows the results of the strut model analysis. Considering that both Specimen M-IF11 and M-IF-9 have similar 𝐿

values and that Specimen M-IF-11 has a smaller total strut

width, i.e. 17% of d compared to 20% of d of M-IF-9, respectively, a decrease in the angle of
the struts with respect to the horizontal was expected. The lower angle increased the horizontal
component of the axial loads in the struts, compensating for the reduced total width of the
struts.
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Figure 92: Load paths at 0.32% drift (left) and proposed strut model (right) of Specimen MIF-11
In this case, for the stiffness of the strut model is lower than that of the experiment, as seen in
Figure 93. This could be related to 𝜀

value, noting that this value is rarely measured

experimentally. Also, in terms of the post-peak variations between the force-drift curves of the
strut model and experiment, it should be noted that Specimen M-IF-11 was subjected to a cyclic
loading, which is known to cause a higher deterioration.
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Figure 93: Experimental and strut model force-drift curves for Specimen M-IF-11

7.2.Experiments by Basha and Kaushik (2016)
Specimen B-IF from Basha and Kaushik (2016) was reproduced in this study as a detailed FE
model. The bare frame specimen referred to as B-BF was also analysed for validation purposes.
The details of Specimen B-BF and B-IF were given in Section 6.2.
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7.2.1.

Specimen B-BF

The FE analyses of Specimen B-BF were conducted at both a micro and macro level and their
force-drift curves are shown in Figure 94. It is important to note that the frame used in Basha
and Kaushik (2016) has a slab, shown in Figure 37, and the slab was incorporated into the FE
models.
There were significant similarities between the experimental and the detailed FE model forcedrift curves up to a 2% drift value. The experimental bare frame started to lose its lateral load
at this drift while the lateral load of the detailed FE model increased. Although the models start
to diverge at 2% drift, they were still considered to be a good representation of the experiment.
The lateral force values of the experiment and the macro FE model were not identical
throughout the analysis; however, their initial stiffness and 𝐿

were similar, and it was

concluded that the bare frame was applicable for further strut model analyses.
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Figure 94: Force-drift curves of the experimental test and the FE models at macro and micro
levels (Specimen B-BF)
7.2.2.

Specimen B-IF

After the validation of the micro bare frame model, the infill panel was included in the detailed
FE model. The force-drift response of this detailed FE model, shown in Figure 95, is similar to
that of the experimental up to a drift value of 0.36% where the analysis stopped due to
convergence issues. The load path at this drift is illustrated in Figure 96. Since it is expected
that the width of the strut will reduce as the drift increases due to cracking and crushing of the
masonry, a width of 8% of d was found to give a similar force-drift curve to that of the
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experiment when constructing the strut model for this infill-frame. The total width of this strut
model is smaller compared to the strut models in the previous sections, which can be related to
a lower 𝐿

of the infill-frame, and also a relatively lower angle of the strut with respect to the

horizontal (increasing the horizontal component of the axial load in the strut).
In this strut model, the vertical load was applied to the beam, as it was in the experiment. The
distributed load on the beam did not have a significant impact on the force-drift curve because
of its low value and because the strut was connected to the beam-column joint, and not directly
to the beam. The force-drift curve of the strut model is compared to that of the experiment in
Figure 97. The difference between the two curves can be attributed to strut’s sensitivity to 𝜀
which is even more evident in this specimen because it is a one-strut model.
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Figure 95: Experimental and FE detailed model force-drift curves for Specimen B-IF

Figure 96: Load paths (left) and proposed strut model (right) of Specimen M-IF-11 at 0.36%
drift

,
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Figure 97: Experimental and strut model force-drift curves for Specimen B-IF

7.3.Experiments by Suzuki et al. (2017)
Similar to Specimens B-BF and B-IF, Specimens S-BF and S-IF also have a slab incorporated
into the beam. The bare frame and infill-frames from Suzuki et al. (2017) were one-quarter
scaled specimens. More details on the tests and the properties of the specimens were provided
in Section 6.3. The FE results of the bare frame and the infill-frame along with the proposed
strut model are presented in the following sections.
7.3.1.

Specimen S-BF

The micro bare frame model was analysed and verified against the experimental force-drift
curve (Figure 98) up to a drift of 1.5%, at which the bare frame analysis failed due to
convergence issues. This drift value was considered large enough for the following infill-frame
analysis. The bare frame was also analysed at a macro level (Figure 98). The stiffness of the
macro bare frame was higher than that of the experiment, but the 𝐿

values reached was

almost identical. The results were considered satisfactory for this bare frame to be used in the
strut model of Specimen S-IF.
7.3.2.

Specimen S-IF

One of the properties of Specimen S-IF provided in Section 6.3 were the dimensions of the
hollow concrete block used in the infill, which is 95 mm (length) by 47.5 mm (width) by 50
mm (height). The effective sectional area (along the bed joints) of the concrete block used is
42% of the gross area. Suzuki et al. (2017) also provided the stress-strain curve of the masonry
prism test up to the ultimate stress value. The authors did not mention if the masonry prism
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stress was calculated based on the gross or effective area of the concrete block; however, they
did consider the thickness of the wall to be 47.5 mm in an equation that calculated the shear
resistance of the infill panel. This equation also considered the stress-strain relationship of the
same masonry prism test. Therefore, it is likely that the gross area of the masonry was also
used in producing the stress-strain curve. Based on the above, it was decided that the gross area
(thickness) should be considered in the infill-frame and strut models of this specimen. In order
to confirm this, the infill-frame was modelled with two different thicknesses, 20 mm and 47.5
mm, which is the thickness of the blocks excluding and including the hollow areas of the brick,
respectively, and the difference between the two force-drift curves is shown in Figure 99.
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Figure 98: Force-drift curves of the experimental test and the FE models at macro and micro
levels (Specimen S-BF)
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Figure 99: Force-drift curves from two FE analyses of Specimen S-IF with different infill
thickness
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This figure confirms the validity of the above assumption. The detailed FE analysis was
stopped at 0.5% drift since the load paths had already formed in the infill panel. The load paths
at 0.43% are shown in Figure 100. The middle strut, which was more visible earlier in the
analysis, had almost disappeared at this stage and hence a two-strut model was considered for
this specimen.
The strain at the ultimate compressive stress, 𝜀

, of the masonry prism provided by Suzuki et

al. (2017) is 0.0012, which is a low value when compared to the masonry prism tests done in
Mehrabi (1994) and Basha and Kaushik (2015, 2016). The low 𝜀
ultimate strain value, 𝜀

also resulted in a low

, which may cause strut models to fail early in the analysis because

of their high sensitivity to these values, as previously mentioned in Section 7.1.3.1.

Figure 100: Load paths (left) and proposed strut model (right) of Specimen S-IF at 0.43%
drift
Specimen S-IF had a distributed vertical load applied to the beam; however, in the strut model,
the vertical load on the beam was applied to the columns only for the reasons explained in
Section 7.1.2.1. The strut model illustrated in Figure 100 reasonably captured the experimental
force-drift response of Specimen S-IF, as shown in Figure 101. There is a slight decrease in
lateral force at 0.6% drift, which is caused by the failure of the strut connected to the leeward
column. This failure, however, did not significantly affect the model because the strut
connected to the windward column was large enough to pick up the redistributed load after the
failure of the first strut. Part of the extra post-peak resistance of the infill-frame can also be
related to the frame model (see Figure 98).
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Figure 101: Experimental and strut model force-drift curves for Specimen S-IF

7.4.Experiments by Pires (1990)
The infill of Specimen P-IF was made of ceramic bricks, commonly used in Portugal, and had
vertical loads applied only on the columns. A detailed description of the experimental test
conducted on Specimen P-BF and P-IF was given in Section 6.4. The numerical results of the
bare frame, infill-frame and strut models are presented in the following sections.
7.4.1.

Specimen P-BF

Specimen P-BF was analysed at both micro and macro levels. Specimen P-BF had a concrete
strength that is different from the strength used in the frame of Specimen P-IF, but it was still
possible to validate the FE bare frame models through the comparison of the results. The forcedrift curves of both FE models are illustrated in Figure 102.
7.4.2.

Specimen P-IF

The holes in the ceramic bricks used in Specimen P-IF were horizontal and not vertical as it
occurs in hollow concrete blocks; therefore, when the compressive test was conducted on the
hollow bricks, the voids were not in contact with the loading plate, as it is shown in Figure 103.
Pires (1990) also mentioned that the compressive strength of the single brick was calculated by
dividing the ultimate compressive load by the contact area of the plate and the brick. Therefore,
it was assumed that the effective area was used in the strength calculations for the masonry
prism test, also illustrated in Figure 103. The effective thickness of the infill panel was used in
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the detailed FE model, and there was a reduction in the density of the bricks to consider the
voids.
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Figure 102: Force-drift curves of the experimental test and the FE models at macro and micro
levels (Specimen P-BF)

Figure 103: Compression test on the masonry unit (left) and prism (right) (Pires, 1990)
Although masonry prism tests were executed in the study by Pires (1990), it was difficult to
determine 𝜀

. Three masonry prism tests were conducted for each infill-frame, and the author

provided the compressive strength for each test; however, the only information regarding the
strain values is shown in Figure 104. This graph shows the experimental results of six prism
tests, three of them were from the masonry used in Specimen P-IF. Four out of the six masonry
prism tests in Figure 104 reached an 𝑓′

higher than 2.0 MPa; however, none of the curves in
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the figure reached this value, and an initial assumption was made to use the 0.0012 as 𝜀
According to Equation 82, 𝜀

.

would be 0.0019. These strain values were initially used in the

detailed FE model, and the force-drift curve that resulted from this analysis is shown in Figure
105.
Despite the difference between the curves shown in Figure 105, an attempt was made to define
a strut model based on the load path in the infill panel, and its force-drift curve is shown in
Figure 106. The figure illustrates that the stiffness in the strut model analysis was very similar
to that of the detailed FE model. The ultimate lateral load of the strut model was similar to the
value reached in the experiment; however, a very sharp decrease in the lateral load occurred
after 𝐿

was reached in the strut model. It was decided to modify the masonry’s stress-strain

curve, without modifying the ultimate stress, until similar values were obtained between the
experimental and strut model force-drift curves. The 𝜀
and the 𝜀

was decreased from 0.0012 to 0.0005,

was increased from 0.0019 to 0.0045. There was also an increase in the 𝑓′

compressive stress at 𝜀

, the

, from 0.3 MPa to 1.2 MPa. The force-drift curve of this new strut

model analysis, which had a more similar behaviour to that of the infill-frame, is illustrated in
Figure 107. A new detailed FE infill-frame model was analysed with the new values for 𝜀
𝜀

and 𝑓′

,

.

The force-drift curve from the second detailed FE analysis, illustrated in Figure 108, was more
similar to that of the experiment than the one belonging to the first analysis (Figure 105). The
analysis was stopped at 0.15% drift because the strut was clearly formed in the infill panel at
that stage. Figure 109 shows the load path at 0.15% drift value in a vector and contour format.
The contour results show that the stresses on the right-hand side of the infill did not reach the
beam; therefore, they were disregarded in the strut model, which is illustrated in Figure 110.
The force-drift curve of the strut model is illustrated in Figure 111. The proposed strut model
had a slightly higher initial stiffness than the experiment, which was likely caused by the lower
𝜀

combined to the fact that the strut is connected to the top left corner of the frame, where a

point load of 100 kN was applied. This means that the strut received vertical loads before the
application of the lateral load and it caused the analysis to start at a negative drift. Despite the
higher initial stiffness, the modification in the stress-strain curve of the masonry material
caused a significant improvement in the strut model force-drift curve.
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Figure 104: Stress-strain results of the masonry prism test (Pires, 1990)
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Figure 105: Force-drift curves of the detailed FE model of Specimen P-IF with initial

masonry stress-strain values
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Figure 106: Experimental and strut model force-drift curves of Specimen P-IF with initial
masonry stress-strain values
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Figure 107: Experimental and strut model force-drift curves of Specimen P-IF with adjusted
masonry stress-strain values
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Figure 108: Experimental and detailed FE model force-drift curves of Specimen P-IF with

adjusted masonry stress-strain values
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Figure 109: Load path in the infill panel based on the detailed FE analysis of Specimen P-IF
at 0.15% drift: vector (left) and contour (right)

Figure 110: Proposed strut model of Specimen P-IF
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Figure 111: Experimental and final strut model force-drift curves for Specimen P-IF
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7.5. Experiments by Zhai et al. (2016)
Specimen Z-BF and Z-IF are full-scale specimens. Both the bare frame and the infill-frame
received a vertical load equal to 700 kN, which was applied only to the columns. More details
of the experimental test and physical properties of the specimens have been provided in Section
6.5. The finite element results of both specimens and the final strut model for Z-IF are presented
in the next sections.
7.5.1.

Specimen Z-BF

The force-drift curves from both of the FE analyses of Specimen Z-BF, at a macro and micro
level, are illustrated in Figure 112. Both of the FE models were stiffer than the experiment,
which is a common occurrence due to the shortcomings in concrete modelling, as explained in
Section 7.1.1.
7.5.2.

Specimen Z-IF

Zhai et al. (2016) reported incomplete information about the masonry material properties. The
authors provided the 𝑓′

, but there was no information regarding the strain values and 𝑓′

.

Also, it is not clear whether the compressive strength of the masonry was calculated based on
the gross or effective area of the hollow ceramsite blocks. Considering the previous results with
other infill-frames, in the detailed FE model it was assumed that the gross area of the hollow
blocks was used for calculating the masonry’s compressive strength, i.e. the thickness of the
panel was assumed to be 190 mm. An initial assumption was made for 𝜀
𝜀

to be 0.002. The

used was 0.0034, which was obtained through Equation 82. The force-drift curve of the

detailed FE model is shown in Figure 113.
The load paths in the infill panel at the furthest drift value available, 0.57%, are shown in Figure
114 in both the vector and contour format. The contour results suggest that the masonry became
too distorted at this drift value, as there was not a very clear compressive strut in the infill. It
was understood that for this infill-frame, the struts needed to be measured at an earlier stage in
the analysis. The compressive struts of the same panel at 0.2% drift are shown in Figure 115.
In these figures, the compressive struts are more distinct; therefore, they were used for an initial
strut model analysis.
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Figure 112: Force-drift curves of the experimental test and the FE models at macro and micro
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Figure 113: Force-drift curves of the detailed FE model of Specimen Z-IF with initial

masonry strain values

Figure 114: Load paths in the infill panel based on the initial detailed FE analysis of
Specimen Z-IF at 0.57% drift: vector (left) and contour (right)
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Figure 115: Load path in the infill panel based on the initial detailed FE analysis of Specimen
Z-IF at 0.2% drift: vector (left) and contour (right)
The force-drift curve from the strut model analysis, shown in Figure 116, demonstrates an early
reduction in lateral force at 0.4% drift and that 𝐷

was different from that of the experimental.

Similar to Specimen P-IF, the stress and strain values of the masonry were modified, 𝜀
increased from 0.002 to 0.0028, and 𝜀

was

was increased from 0.0034 to 0.0060, and the force-

drift curve is also shown in Figure 116. These updated values were consequently used in a new
detailed FE analysis (Figure 117).
The load path of the new detailed FE analysis is illustrated in Figure 118, based upon which
the one-strut model proposed for this specimen was created (Figure 119). The force-drift
curve of the strut model with the modified masonry stress-strain curve is illustrated in Figure
120. Once again, the difference between the force-drift curves of the strut model shown in
Figure 116 and 118 shows the significant impact of the assumptions made regarding 𝜀

and
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Figure 116: Experimental and strut model force-drift curves of Specimen Z-IF with initial
(left) and adjusted (right) masonry strain values
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Figure 117: Experimental and detailed FE model force-drift curves of Specimen Z-IF with

adjusted masonry strain values

Figure 118: Load path in the infill panel based on the adjusted detailed FE analysis of
Specimen Z-IF at 0.2% drift: vector (left) and contour (right)

Figure 119: Proposed strut model of Specimen Z-IF
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Figure 120: Experimental and strut model force-drift curves for Specimen B-IF

7.6.Investigating the application of strut models to other specimens
In this section, the proposed strut model for each of the infill-frames is applied to the other
infill-frames. This was to investigate whether any of the strut models proposed for any of the
infill-frames could adequately replicate the behaviour of any other infill-frame. For an easier
comparison, Figure 121 includes the experimental and strut model force-drift curves of each of
these individual specimens.
As shown in Figure 122, the three-strut model of Specimen M-IF-8 (presented in Figure 48)
could capture the behaviour of the Specimen Z-IF until 𝐿

was reached, and after this point,

it overestimated the lateral load. The strut model for Specimen M-IF-8 had the highest total
strut width, 33% of the infill’s diagonal, and the strut model for Specimen Z-IF had the second
highest width, which is 25% of d. This is likely the reason behind the similar force-drift curves
when this strut model was applied to Specimen Z-IF. The high width of this three-strut strut
model also explains why it overestimated the lateral load when applied to most of the other
infill-frames. Additionally, when this three-strut model was used for Specimen S-IF and P-IF,
it was able to capture the initial stiffness of these infill-frames. However, it underestimated and
overestimated the lateral load in Specimen S-IF and Specimen P-IF, respectively.
Figure 123 illustrates the force-drift curves of the two-strut model proposed for M-IF-9 when
applied to other infill-frames. Although the total strut width of Specimen M-IF-9 is 37%
smaller than that of M-IF-8, the strut model of M-IF-9 was able to reproduce the behaviour of
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M-IF-8 when applied to this infill-frame. This may be related to the similarity between the
outer struts of Specimen M-IF-8 and the two struts in Specimen M-IF-9, and also the identical
infill panel aspect ratio of the two specimens. The success of this strut model in capturing the
force-drift curve of Specimen M-IF-11 can be associated with their identical panel height and
thickness. Similar to the M-IF-8 strut model, this strut model could also replicate the initial
stiffness of Specimens S-IF and P-IF. In the case of S-IF, the analysis failed at a very early
stage, which could be related to the low 𝜀

value used in this strut model. Additionally, this

strut model was able to replicate well the force-drift curve of Specimen Z-IF. This may be
related to the similar strut width of the two specimens, 20% for M-IF-9 and 25% for Z-IF.
The geometric properties of Specimen M-IF-11 are the same as Specimen M-IF-9, except for
its span, which is 35% larger. The strut models proposed for the two specimens are also very
similar, and the most noticeable difference between the two is the angle of the struts with
respect to the horizontal, which are smaller in the strut model of Specimen M-IF-11. Therefore,
as expected, and also seen from Figure 124, it successfully replicated the force-drift curve of
Specimen M-IF-9. This strut model was also able to replicate the shape of the force-drift curves
of Specimen M-IF-8 and Z-IF; however, it underestimated the lateral load of these two
specimens. Similar to the previous two strut models, this strut model also underestimated and
overestimated the lateral load of Specimen P-IF and Specimen S-IF, respectively, but it was
able to capture the initial stiffness of both infill-frames. The results show that the strut model
developed for Specimen M-IF-11 was relatively successful to replicate the behaviour of the
other infill-frames selected in this study, except for Specimen P-IF and S-IF (due to failure).
The strut model of Specimen B-IF (Figure 96) was applied to the other infill-frames selected
for this study. The force-drift curve of the strut model proposed for Specimen B-IF was
illustrated in Figure 121 and the force-drift curves of this strut model, when applied to the other
six infill-frames, are shown in Figure 125. The application of this strut model to Specimen MIF-11 provided the best results, and the strut model was able to reach a similar 𝐿

value as

the experiment. Figure 126 illustrates how the strut model of Specimen B-IF looked when it
was adapted to Specimen M-IF-11. The low angle of the strut caused this strut model to reach
high values of lateral force because the horizontal component of the axial force was high. This
strut model was also able to capture the initial stiffness of Specimen P-IF and S-IF; however,
it significantly underestimated the lateral force for Specimen P-IF. In Specimen S-IF, the strut
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Figure 121: Experimental and strut model force-drift curves of all specimens.

1.9

P a g e | 150
400

300
200
Experimental (M-IF-9)

100

Strut model (M-IF-8)

Lateral Force (kN)

Lateral Force (kN)

400

0
0.5
1.0
1.5
Lateral Drift (%)

Experimental (M-IF-11)

100

2.0

Strut model (M-IF-8)
0.0

0.5
1.0
1.5
Lateral Drift (%)

2.0

75

100
75
50

Experimental (B-IF)

25

Strut model (M-IF-8)

Lateral Force (kN)

125
Lateral Force (kN)

200

0
0.0

0

50
Experimental (S-IF)

25

Strut model (M-IF-8)
0

0.0

0.5
1.0
1.5
Lateral Drift (%)

2.0

0.0

100
75
50

Experimental (P-IF)

25

Strut model (M-IF-8)

0
0.0

0.5
1.0
1.5
Lateral Drift (%)

2.0

Lateral Force (kN)

125
Lateral Force (kN)

300

350
300
250
200
150
100
50
0

0.5
1.0
1.5
Lateral Drift (%)

2.0

Experimental (Z-IF)
Strut model (M-IF-8)
0.0

0.5
1.0
1.5
Lateral Drift (%)

2.0

Figure 122: Strut model of Specimen M-IF-8 applied to the infill-frames used in this study
model reached a similar 𝐿

, but there was a sharp drop in the lateral force after the ultimate

load was reached, which as discussed before, could be related to the masonry stress-strain
curve.
The force-drift curves of this strut model when applied to the other infill-frames selected for
the study, shown in Figure 127, illustrate that this strut model had no success in capturing the
behaviour of any other infill-frame. The high angle of the struts with respect to the horizontal
caused it to have a low stiffness when applied to other infill-frames. The most similarity relates
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to Specimen M-IF-8, but the strut model underestimated the lateral load. Although the forcedrift curves were very different, this strut model had similar 𝐿

values as those of Specimens

M-IF-9 and M-IF-11. The strut model was able to capture the initial stiffness of Specimen PIF, but it underestimated the lateral load of the infill-frame considerably
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Figure 123: Strut model of Specimen M-IF-9 applied to the infill-frames used in this study
.
The force-drift curves of the strut model proposed for Specimen P-IF when applied to other
infill-frames are shown in Figure 128. The force-drift curve produced by this strut model was
very similar to that of Specimen Z-IF, which would be expected because the strut models of
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Specimens P-IF and Z-IF are very similar. It also captured the stiffness of Specimen M-IF-8,
but it overestimated 𝐿

and underestimated the residual strength. This strut model was also

able to almost capture the initial stiffness of Specimen M-IF-9, but it largely overestimated
of this infill-frame.
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Figure 124: Strut model of Specimen M-IF-11 applied to the infill-frames used in this study
Figure 129 shows the force-drift curves of the strut model proposed for Specimen Z-IF when
it applied to the infill-frames selected in this study. Previously, it was shown that the strut
model proposed for Specimen P-IF was able to replicate the behaviour of Specimen Z-IF.
Interestingly, this did not occur when this strut model was used to analyse Specimen P-IF. The
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difference between these two results can be related to the fact that the 𝜀
lower than the 𝜀

of Specimen P-IF is

used in Specimen Z-IF. This makes Specimen P-IF more sensitive to

alterations in the strut properties, such as the angle of the struts, which is higher in the strut
model of Specimen Z-IF. A higher angle of the strut with respect to the horizontal resulted in
a lower stiffness of the strut model, which is seen in the force-drift curve presented below.
Despite the stiffness difference between the two curves, the strut model had the same 𝐿

as

the experiment, due to the similar widths of both strut models.
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Figure 125: Strut model of Specimen B-IF applied to the infill-frames used in this study
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Figure 126: Specimen M-IF-11 with strut model of Specimen B-IF
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Figure 127: Strut model of Specimen S-IF applied to the infill-frames used in this study
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Figure 128: Strut model of Specimen P-IF applied to the infill-frames used in this study
As expected, this strut model overestimated the lateral load of most infill-frames considering
its relatively high width of 25% of the infill’s diagonal. It only underestimated the lateral load
of Specimen M-IF-8, which has the strut model with the highest total width (33%).
Furthermore, this strut model was able to capture the initial stiffness of Specimen S-IF and PIF, as it occurred in the case of previous strut models. The low value of 𝜀

used for both of

these infill-frames is likely the cause why most strut models were able to capture the initial
stiffness of these specimens.
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Figure 129: Strut model of Specimen Z-IF applied to the infill-frames used in this study

7.7.Applying strut models from the literature
As reviewed in Section 2.4, many strut models have been suggested in the literature for the
analysis of infill-frames. Two of these strut models, Papia et al. (2003) and Amato et al. (2008)
(Equation 38) and Chen (2003) and Chen and Iranata (2008) (as reported by Amalia and Iranata
(2017)) (Equation 42), referred in this section as Papia & Amato and Chen & Iranata,
respectively, were applied to the seven infill-frames selected for this study to investigate if they
can replicate the stiffness and the experimental force-drift curves of the infill-frames. This
process is similar to the investigation done by Mohyeddin et al. (2017a, 2017b), as reported in
Section 2.4.4; however, two different strut models were used, and they were applied to a larger
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number of infill-frames. Equations 38 and 42, which calculate the width of the strut, were
proposed to find the initial stiffness of the infill-frame. The Poisson’s ratio for masonry value
considered in the calculations is equal to 0.2, which is the same value considered in the detailed
FE analyses. Table 18 displays the width of each of the strut models for each of the infillframes along with the total width of the strut models suggested in this study. The table shows
Table 18: Comparison between the total strut width found in the literature and the values
based on the FE results
Specimens

Case-specific

Papia & Amato

Chen & Iranata

(det. FE model)

(Eq. 39)

(Eq. 43)

M-IF-8 (Mehrabi, 1994)

32%

27%

31%

M-IF-9 (Mehrabi, 1994)

20%

23%

31%

M-IF-11 (Mehrabi, 1994)

18%

20%

27%

B-IF (Basha & Kaushik, 2016)

8%

26%

32%

S-IF (Suzuki et al., 2017)

18%

29%

30%

P-IF (Pires, 1990)

24%

24%

33%

Z-IF (Zhai et al., 2016)

25%

30%

32%

that the widths suggested by Equation 38 and Equation 42 overestimated the strut width
compared to those obtained through FE analysis except for Specimen M-IF-8. Another
exception was Specimen P-IF, for which Equation 38 provided the same total strut width as the
results of the detailed FE analysis.
The inclusion of the effect of the total vertical load acting on the frame, 𝐺 , differentiates the
strut model proposed by Papia & Amato from many others available from the literature. The
strut width calculated with this model was closer to the values found in this study than the
values calculated with the model by Chen & Iranata. Although the equations proposed by the
two models have the objective of calculating the stiffness of the infill-frame, in this study, they
were also used for a nonlinear analysis. Figure 130 shows the experimental force-drift curve of
the seven infill-frames used in this study along with the force-drift curve of the strut model
with the strut width proposed by Papia & Amato. The smaller graph within each graph shows
the initial stiffness of the strut model against that of the infill-frame. The strut model was not
always able to capture the initial stiffness of the infill-frames and it largely overestimated or
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underestimated 𝐿

of the experimental test. It only captured perfectly the initial stiffness of

M-IF-8. As it was found in Section 7.1.2.1, the vertical load mainly affects the width of the
strut(s) in the panel; however, the location of the vertical load also affects the width. The
equation proposed by Papia & Amato does not include this, i.e. differentiating between when
the vertical load is on the columns only, or also on the beam. Another likely reason for the
inaccuracy of this model is the position of the strut, which is placed diagonally from the corner
of the infill, where the displacement is applied, to the opposite corner.
In order to apply the strut model proposed by Papia & Amato, one would need to determine 𝐸
and 𝐸 , which are the Young’s moduli along the two principal directions of the infill panel, the
modulus of rigidity 𝐺

and the Poisson’s ratio 𝜐 , which are rarely available. For the

calculation of the Poisson’s ratio 𝜐
𝑓′

, Cavaleri

et al. (2014) proposed an equation that requires

along both the bed- and head-joints. Considering that such values are not always provided

or experimentally measured, some assumptions were made to calculate the total width. The
values used for the modulus of elasticity of concrete, 𝐸 , and the modulus of elasticity of
masonry, 𝐸 , are presented in Table 19.
Table 19: Modulus of elasticity of concrete and masonry used in the strut model calculations
Specimen

𝑬𝒄 (MPa)

𝑬𝒎 (MPa)

M-IF-8

17237

5101

M-IF-9

17237

8239

M-IF-11

18133

9604

B-IF

23700

2700

S-IF

27530

1710*

P-IF

30560

3119*

Z-IF

21000

4600

*The modulus of elasticity along the diagonal was used instead of the vertical value
When the Papia & Amato strut model was applied to Specimen M-IF-8, it overestimated the
lateral load of the infill-frame despite having a strut width smaller than the width based on the
FE results. Specimen S-IF is one of the infill-frames for which 𝑓′

and 𝐸 in both the vertical

and horizontal directions were known; therefore, a more accurate calculation was possible.
However, the additional information did not assist this strut model to have a force-drift curve
closer to the experimental one. This strut model also failed early in the analysis because of the
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low 𝜀

used for masonry. The modulus of elasticity of masonry used for Specimen P-IF was

measured along the diagonal, and the total strut width had the same value as the one found
based on the detailed FE results; however, this strut model significantly underestimated 𝐿

of

the experiment. This was the only case, for all of the analyses conducted in this section, where
the strut model underestimated the ultimate lateral load of the infill-frame.
Figure 131 shows that when the strut model proposed by Chen & Iranata was applied to
Specimen S-IF, it also failed before reaching 0.5% drift due to a low 𝜀

. The results show

that in all cases, the strut model from Chen & Iranata did not capture the initial stiffness of all
infill-frames and it largely overestimated 𝐿

; and for all cases in this section, the strut models

were not able to capture the behaviour of the infill-frame. The strut model proposed by Chen
& Iranata, as it occurred in Papia & Amato, had a very similar initial stiffness as Specimen MIF-8.

Experimental (M-IF-8)
Strut model (Papia & Amato)

350
300
250
200
150
100
50
0

Lateral Force (kN)

Lateral Force (kN)

P a g e | 160

0.0

0.5
1.0
1.5
Lateral Drift (%)

0.0

Lateral Force (kN)

Lateral Force (kN)

50
0
0.0

0.5
1.0
1.5
Lateral Drift (%)

0

2.0

0.5
1.0
1.5
Lateral Drift (%)

2.0

Experimental (P-IF)
Strut model (Papia & Amato)

150
100
50
0
0.0

0.5
1.0
1.5
Lateral Drift (%)

2.0

Experimental (Z-IF)
Strut model (Papia & Amato)

500
Lateral Force (kN)

75

0.0

Lateral Force (kN)

100

2.0

150

2.0

Experimental (S-IF)
Strut model (Papia & Amato)

150
Lateral Force (kN)

0.5
1.0
1.5
Lateral Drift (%)

0.5
1.0
1.5
Lateral Drift (%)

Experimental (B-IF)
Strut model (Papia & Amato)

225

Strut model (Papia & Amato)

0.0

750
625
500
375
250
125
0

2.0

Experimental (M-IF-11)
900
750
600
450
300
150
0

Experimental (M-IF-9)
Strut model (Papia & Amato)

400
300
200
100
0
0.0

0.5
1.0
1.5
Lateral Drift (%)

2.0

Figure 130: Strut model from Papia & Amato applied to the selected infill-frames
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Figure 131: Strut model from Chen & Iranata applied to the infill-frames used in this study
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7.8.Parameters affecting the geometric properties of struts
Although the amount of data generated during the course of this research is small for any
substantial statistical analysis, an attempt was made to find a correlation between the properties
of an infill-frame and its equivalent strut model properties. The seven experimental infill-frame
specimens and the four FE infill-frame models with vertical load variations (based on Specimen
M-IF-8) were used for this purpose. Mainly the physical properties of the infill-frame, such as
the aspect ratio of the panel, the total vertical load, and the distribution of vertical load, were
considered. Some of the physical properties were scaled, depending on the scale of the infillframe. Additionally, some of the known parameters from the literature, such as 𝜆∗ proposed by
Papia et al. (2003) (Equation 31), and k proposed by Amato et al. (2008) (Equation 39) were
used.
7.8.1.

Number of struts

As shown in Figure 132, a one-strut model is more likely to develop in infill panels with higher
aspect ratios; however, it is difficult to predict whether a two or three-strut model will be
suitable for lower aspect ratios (noting that only one three-strut model was used in this
analysis). The graph in Figure 133 suggests that a one-strut model would develop when the
scaled thickness of the infill panel, 𝑡 , is over 175 mm, and a three-strut model would develop
when 𝑡 is below 100 mm, and that a two-strut model will cover a relatively wider range of
thickness.
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Figure 132: Number of struts versus the aspect ratio of the infill

1.1

P a g e | 163

Number of Struts

4
3
2
1
0
50

100

150

200

250

ts (mm)

Figure 133: Number of struts versus the 𝑡
7.8.2.

Width of the struts

Out of the parameters trialled, the total width of struts appeared to be quite influenced by the
total vertical load on the infill-frame. One of the parameters tried was the total vertical load on
the infill-frame divided by the scale of the infill-frame, 𝐺 , (Figure 134). The data points are
fairly scattered across the graph; however, the graph suggests that the total strut width increases
with 𝐺 . When 𝐺 used in Figure 134 was substituted by the scaled total vertical load acting
on the beam, 𝐺 , which occurred in eight out of the eleven infill-frames, the correlation
became stronger, as shown in Figure 135. The three infill-frames without any load on the beam

Total Strut Width (% of d)

(P-IF, Z-IF and M-IF-8-DLCO) had very similar total strut widths of about 25%.
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Figure 134: Total strut width (%) versus 𝐺 (kN)
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Furthermore, a correlation was found between the total strut width and the value of k defined
by Amato et al. (2008), as presented in Figure 136. The value for k is one of the only parameters
in the literature used for calculating the strut width that considers 𝐺 . In this equation, there are
two parameters, 𝜆∗ , which includes some of the geometrical and mechanical properties of the
infill-frame (Papia et al., 2003), and 𝜀 , which incorporates 𝐺 , the area of the column and the
elastic modulus of the frame, and is calculated by Equation 40.
The value of 𝜆∗ , used in the equation to find k, was isolated in order to see if it correlated to the
total strut width and the result is illustrated in Figure 137. The graph suggests that there is no
significant correlation between the two values, which means that the correlation seen in Figure
136 is mainly related to the value of 𝜀 . As shown in Figure 138, the correlation between 𝜀
and the total strut width is stronger and almost identical to the one seen for k; however, it is
still not as strong as the correlation to the vertical load on the beam.
It was also attempted to find out if it was possible to correlate the properties of the infill-frame
to the distribution of the total width among the struts. Strut 1 and 3 were considered for these
correlations (Figure 139 to Figure 143). In Figure 139, a value of 100% relates to one-strut
models. The results suggest that the width of Strut 1 is affected by the aspect ratio of the infill
panel (Figure 139), 𝐺

(Figure 140) and 𝑡 (Figure 141). Similar to Figure 132, Figure 139

also implies that one-strut models would develop in infill panels with high aspect ratios. Figure
140 suggests that one-strut models would be applicable only to the infill-frames with low or
zero vertical load on the beam. However, not all infill-frames with a zero load on the beam
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would have a one-strut model, such as M-IF-8-DLCO, in which case 𝐺 and the thickness of
the infill would have an impact on the width of Strut 1, 𝑤 . The relation between the thickness
of the infill and the width of Strut 1 suggests that the thinner the infill panel, the smaller the

Total Strut Width (% of d)

width of Strut 1, i.e., two- and three-strut models are more likely to develop.
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Figure 136: Total strut width (%) versus k (Amato et al., 2008)

45
35
25
15
5
0.0

0.5

1.0

1.5

λ*

Figure 137: Total strut width (%) versus 𝜆∗ (Papia et al., 2003)
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Figure 138: Total strut width (%) versus 𝜀 (Amato et al., 2008)
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Figure 139: 𝑤 /𝑤 (%) versus the aspect ratio of the infill
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Figure 141: 𝑤 /𝑤 (%) versus 𝑡
Considering Strut 3, the only parameters that showed any meaningful correlation to the width
were the ones related to the total vertical load on the frame. Figure 142 suggests that a lower
𝐺 will result in a lower width of Strut 3, 𝑤 . The value of k (Figure 143) also demonstrated a
strong correlation to the width of Strut 3; this means that a lower k decreases the width of Strut
3.
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Figure 142: 𝑤 /𝑤 (%) versus 𝐺 (kN)
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Figure 143: 𝑤 /𝑤 (%) versus k (Amato et al., 2008)
7.8.3.

Strut position

The positions of the struts were similar in most of the analyses and were usually located within
a specific range. The position of the two ends of struts, hereafter referred to as “nodes”, are
numbered as illustrated in Figure 144. The one-strut models have only Nodes 1 and 2, and the
two-strut models have the additional Nodes 5 and 6. Nodes 1 and 3 were always connected to
the ground, and Nodes 2 and 5 were always connected to the columns. When the strut model
had Nodes 4 and 6, they were always located on the beam.
In all of the eleven strut models, Node 2 was located within a small range of 80% to 100% of
the height of the column and Node 5, which was present in eight strut models, was located
within 0% to 20% of the column’s height. Therefore, these nodes will not be considered for
correlations purposes. The angle and the location of the middle strut will not be used for
correlation purposes due to the low number of strut models with this information.
Node 1, with the highest variation, was located between 30% to 75% of the span of the frame
from the bottom of the windward column. According to Figure 145, Node 1 will be located
farther from the windward column, as the aspect ratio of the infill panel increases.
Node 6 seems to be more affected by the vertical load and its distribution between the beam
and columns than the aspect ratio of the panel. This, however, may be because the aspect ratio
of six out of eight infill-frames was the same in this study, and hence there is not enough
statistical data to verify this. The range of the position of Node 6 was within a smaller range
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compared to that of Node 1, i.e. 40% to 68% of the span. Figure 146 illustrates the correlation
between the position of Node 6 and 𝐺 . Even though the values are relatively scattered, a linear
correlation is visible. The data becomes more concentrated in Figure 147, where the position
of Node 6 is correlated to the scaled vertical load applied to the beam, 𝐺 . This figure suggests
that Node 6 moves towards the middle of the span as the load on the beam increases. This is
likely caused because by the increase in vertical load on the beam, which increases the contact
area between the beam and the panel and counters the upward movement of the beam due to
the bending action associated to the lateral deformation of the frame.
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Figure 144: Node numbers used to identify strut locations in strut models
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Figure 145: Position of Node 1 versus the aspect ratio of the infill panel
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Figure 146: Position of Node 6 versus 𝐺 (kN)
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The data demonstrating the correlation between the physical properties of the infill-frame and
the angle of Strut 1 (𝜃 ) and 3 (𝜃 ) with respect to the horizontal, is even more scattered. Figure
148 illustrates the correlation found between 𝜃 and the value of 𝜆 , the relative stiffness of the
infill to the frame suggested by Stafford Smith (1966) (Equation 13). The non-dimensional
parameter includes both physical and material properties of the infill-frame such as the
thickness and modulus of elasticity of the infill panel, the angle of the diagonal with respect to
the horizontal, height of the infill, modulus of elasticity of the frame and the second moment
of inertia of the column. The graph suggests that 𝜃 is higher for lower values of 𝜆 . Some
correlation was also found between 𝜃 and the value of the vertical load on the beam divided
by the scale of the infill-frame, presented in Figure 149. The results shown in this figure
indicate that 𝜃 increases as the load on the beam decreases.
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Figure 148: 𝜃 versus 𝜆 from Stafford Smith (1966)
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Figure 150 illustrates the correlation between 𝜃 with the horizontal and 𝐺 . The level of
correlation is higher when only the load on the beam is considered, as illustrated in Figure 151.
Both of these figures indicate that the angle decreases with the increase in the vertical load
applied on the beam. This is an expected outcome considering the results illustrated in Figure
147 related to the position of Node 6. It was previously mentioned that the position of Node 5
does not have a significant variation between the strut models. Therefore, if Node 6 moves
closer to the centre of the frame due to the higher vertical loads on the beam, and Node 5 is
almost stationary, the angle of the strut will decrease.

Angle of strut 3 (degrees)
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Figure 150: 𝜃 versus 𝐺 (kN)
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8. CONCLUSIONS AND SUGGESTIONS FOR FUTURE RESEARCH
The current study used detailed FE models to propose case-specific strut models for a number
of infill-frames. The reinforced concrete frames were infilled with different types of masonry
infill, and they had a wide range of geometric and material properties. The proposed strut
models were able to replicate the nonlinear behaviour of infill-frames. The use of FE models
at both micro and macro levels provided significant findings that can contribute to the
development of a strut model classification based on the properties of an infill-frame. If this
classification is developed, it could improve the safety and accuracy of the analysis of buildings
in seismic regions, which can reduce the costs of the construction. The main findings of the
current study are summarised in this chapter, along with some suggestions for future research.

8.1.Review of literature on infill-frames, strut models and design codes
The literature was reviewed for a better understanding of infill-frames and their representation
by strut models. Some of the most significant findings relevant to this research are:


A macro script that can successfully generate a generic detailed FE model of a bare
frame and infill-frame was found and used in this study. Where the aim is to create a
single-storey single-bay infill-frame structure, this can almost eliminate the first timeconsuming step of model creation;



Many studies focus on predicting the stiffness and overall strength of infill-frames
through equivalent strut models, but they are not able to capture the nonlinear behaviour
of infill-frames at different drift values;



Some studies that propose equations to calculate the width of the equivalent strut model
have included complicated parameters that require an extensive volume of experimental
testing on the material of the infill panel before they can be used;



Recently, researchers have included the amount of vertical load applied to the infillframe into the proposed equations to calculate the strut width, but the distribution of the
vertical load between the columns and the beam is not considered in such equations.

The experimental results from the following five studies were selected and FE detailed models
were developed for each:


Mehrabi (1994): one bare frame and three infill-frame ;



Basha and Kaushik (2016): one bare frame and one infill-frame;



Suzuki et al. (2017): one bare frame and one infill-frame;
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Pires (1990): one bare frame and one infill-frame;



Zhai et al. (2016): one bare frame and one infill-frame.

8.2.Effect of vertical load on detailed FE models versus strut models
If the detailed FE models do not have enough confinement effect on the masonry, which is
provided through vertical loads, the numerical solution may not easily converge due to an
instability of the contact elements. In contrast, the vertical loads on the beam of an infill-frame
may need to be divided and applied to the columns in an equivalent strut model because it may
cause a false amplification of the lateral load before the model reaches its ultimate load.

8.3.Analysis and results
It was found during the current study that the detailed FE analysis does not need to run for the
full range of drift because the load path(s) can be identified in the infill as soon as the analysis
enters the nonlinear stage, which is when the geometric properties of the struts were measured.
For the selected infill-frames, with no variation in properties or loads, the load paths were
measured at a drift range between 0.15% and 0.75%. If the other infill-frames from the
sensitivity analyses are included, the range of drift increases to 0.97%.
The number of struts in the proposed strut models was between one and three. Every strut
model had a strut connected to the windward column (at a height greater than 80% of the
frame’s height) or at the beam-column joint at one end, and the ground at the other end. When
a second strut was present, it was connected to the beam and the leeward column (below 20%
of the frame’s height), but not connected to the bottom of the column. Three-strut models had
an additional middle strut connected to the beam and the ground, almost parallel to the other
two.
The total strut width varied from 8% to 40% of the diagonal of the infill panel (d). Authors
have previously suggested a single value for the strut width based on the value of d. The large
variation found in the current study shows that such an approach would not be realistic. Another
interesting finding was the distribution of strut width when there is more than one strut in the
model. These results are divided into 2 and 3-strut models:


2-strut models:
o Strut 1: 45% to 85%;
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o Strut 2: 15% to 60%;


3-strut models:
o Strut 1: 35% to 45%;
o Strut 2: 15% to 30%;
o Strut 3: 35% to 40%.

Additionally, the angles of the struts with the horizontal for all strut models have been
measured, and the lowest and highest values for each have been summarised below:


Strut 1: 45º to 63º;



Strut 2: 53º to 56º;



Strut 3: 45º to 59º.

The angles of Struts 1 and 3 have a very similar range, which is wider than the angles of Strut
2. This may have happened due to the low number of 3-strut models.
It was further concluded that:


Equivalent strut modelling is an effective method for the analysis of infill-frames when
the width and location of the struts are defined by the load paths of detailed FE models;



Strut models are more sensitive to the stress-strain curve of the masonry material than
the detailed FE model.

8.4.Sensitivity analyses
This study attempted to simplify the detailed FE models by removing the transverse
reinforcement of the RC frames and use only the confinement effect. However, the results
showed that this simplification would lead to erroneous results, i.e. the detailed FE model was
not able to replicate the force-drift curve of the bare frame. The results from this analysis
demonstrated that both the transverse reinforcement and the confinement effect in the concrete
material model must be considered in the model for an adequate representation of the RC frame
when using ANSYS.
A sensitivity analysis was conducted on an infill-frame where some of the masonry material
properties were increased and decreased by a value of 25% (Section 7.1.2.3 and 7.1.3.1). The
sensitivity analysis results from Mohyeddin (2011) conducted on a similar infill-frame were
also used in the current study. Based on the results of each of the analyses, a strut model was
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also developed and analysed. An average strut model was developed for each specimen by
averaging the geometric properties of the struts. Through the sensitivity analyses, it was found
that:


The average strut model was able to represent all variations of the infill-frame
adequately, i.e. the geometric properties of the struts were not sensitive to a 25%
increase or decrease in the material properties of the infill panel;



The variations in the tensile strength of masonry caused unexpected changes in the
force-drift curves of the detailed FE models; an increase in the tensile strength of
masonry decreased the ultimate lateral load of the infill-frame, and when the tensile
strength was decreased, the opposite effect occurred. The reasons behind this effect
were given in 7.1.3.

Additionally, four analyses were conducted on one infill-frame where the amount and
distribution of vertical load were altered. It was concluded that:


The distribution of the vertical load between the columns and beam significantly altered
the geometric properties of the struts;



The total strut width was higher when there was an increase in the amount of vertical
load on the beam;



The amount of the vertical load and the location where it is applied to the infill-frame,
i.e. beams or columns, should be included in the classification of infill-frames for strut
modelling purposes.

8.5.Applying different strut models to the selected infill-frames
The strut models proposed were applied to the other infill-frames selected for this study.
Additionally, two strut models proposed in the literature were also applied to these infillframes. It was concluded that:


As seen in Section 7.6, no strut model proposed in this study could replicate the full
range of the force-drift curve, the stiffness and the ultimate lateral load of all the other
selected infill-frames;



The force-drift curves of the strut model and the experiment were perfectly similar in
only one out of the 42 analyses conducted in Section 7.6 with the proposed strut models.
Only in other seven of the 42 analyses, the strut model reached an ultimate lateral load
that was similar to the experiment, and in 15 analyses the initial stiffness of the strut
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model and the experiment was similar. This supports the idea that case-specific strut
modelling is the best approach for a simplified analysis of infill-frames;


None of the two strut models from the literature was able to replicate the stiffness,
strength or force-drift curve of all the seven infill-frames considered in this study
(Section 7.7). Previous studies (Mohyeddin et al. (2017a), 2017b)) also reached a
similar conclusion, i.e. strut models from the literature were not successful in
replicating the nonlinear response of infill-frames they studied.

8.6.Data analysis
Even though the data generated in this study was very limited, an attempt was made to find
possible correlations between the properties of an infill-frame and its equivalent strut model
properties, viz. the number of struts, total width of the struts, width of the outer struts (1 and 3)
relative to the total strut width, position and angle of outer struts. Whilst, it is not possible to
make any solid conclusions at this stage, the results implied that the main parameters that affect
the geometric properties of the struts are:


the total vertical load acting on the infill-frame;



the vertical load acting on the beam;



the aspect ratio of the infill panel; and



the thickness of the infill panel.

8.7.Suggestion for future research
It was demonstrated that the geometric properties of the struts could be related to the properties
of the infill-frames. More infill-frames need to be analysed and more sensitivity analyses need
to be conducted to find stronger correlations, or to confirm the validity of the findings of this
study. The aim would be to conduct substantial statistical analyses and propose a classification
of infill-frames along with equations that generate a case-specific equivalent strut model for
each class of infill-frames. An attempt could also be made to relate the drift values, at which
the geometric properties of the struts were obtained, to the properties of the infill-frame.
It was also found in the current study that there are some differences between the detailed FE
model and the strut models of an infill-frame in regards to their sensitivity to the masonry
stress-strain curve and also the distribution of the vertical load on the beam. A more in-depth
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study is needed on the approach to be taken in regards to these properties when an infill-frame
is represented by a strut model.
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